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“There is nothing like looking, if you want to firmbmething...

You certainly usually find something if you lookytat is not always quite the

something you were after.”

— Thorin (The Hobbit)
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Abstract:

A series of mixed Mo/V oxide materials was treatedier varying carbon-rich,
reducing conditions in order to model conditiongrfd when high-performance multi-
metal oxide catalysts are operated at high conwerigi selective oxidation reactions.
The objectives were twofold: to better understahd mechanism of reduction-
carburisation in the bimetallic oxide system, aiwd determine the influence of
chemical composition and oxidation state on thetr@ty in propane activation.

Bimetallic carbides of the form (MaVx).C were synthesised by carbothermal
reduction of the correspondingMo1.4VxO3 oxide precursors. The reduction was
followed byin situ X-ray diffraction and the mechanism was investgdatising solid-
state kinetic modeling techniques. The reactivifytlee resultant carbides for the
catalytic dehydrogenation of propane was measuradewu various conditions
including CQ- and HO-containing feeds. To probe the surface struchotaty
relationships,in situ reaction methods were applied as characterisabafs in
addition to the standard structural and surfacéyaisaechniques.

The kinetic and structural analysis of carbotherreduction revealed a strong
stabilising influence of the vanadium dopant viadification of the oxygen mobility
in the lattice. With respect to the catalytic detogenation of propane, it was
observed that vanadium doping increased the ing@iversion of propane but
decreased selectivity to propylene. In soft-oxidatieeds (CQ@ H,O) the carbide
surface is oxidised, promoting the dehydrogenatiarction. Notably, MgC is an
excellent catalyst for the hydrogenation of Gda reverse water-gas-shift reactiom.
situ XPS experiments correlate propane dehydrogenatitimity with an oxycarbide
surface modification and alkyl-recombinative protuare observed in concert with
clear changes in the valence band spectra. Posemanalyses of the catalysts by
transmission electron microscopy reveal significeunface and bulk restructuring as
well as the recrystallisation of metastable phasesinhomogeneous bloating of the
structure by aliphatic carbon.

Vanadium is proposed to exert a stabilising infeeerdue to its strongly
oxophilic nature, resulting in the formation of Vafinieties which kinetically hinder
the mobility of oxygen and carbon through the ofddebide lattice. The resulting
higher initial activity for propane activation istradbuted to the increased activity of
sites selective to hydrogenolysis. Hexagonal (MglVis proposed to be a reasonable
model for bronze-like multi-metal oxide catalysts propane activation due to the
recrystallisation of the metastable fcc carbidaidtire observed under reaction
conditions.
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Zusammenfassung

Der Effekt von Vanadium auf die chemische Bestékeiigund Reaktivitdt von
Molybdanoxid-basierten Hochleistungskatalysatoted jn Selektivoxidationen unter
hohem Umsatz gefahren werden, wurde an einer Sene gemischten Mo/V
Oxidmaterialien modelliert.

Dabei standen folgende Fragen im Mittelpunkt désrésses:

1. Nach welchem Mechanismus verlauft die Carbidiwitg?

2. Welchen Einfluss hat die chemische Zusammensgitzas gebildeten Carbids
auf die Aktivierung von Propan an seiner Oberf&h

Bimetallische Carbide der Form (M@/x)C wurden durch carbothermische
Reduktion der entsprechenden oxidischen Vorstuferer dallgemeinen
Zusammensetzung-Mo;xVxOs synthetisiert. Die Reduktion wurde mittels in situ
Rontgenbeugung verfolgt und der Mechanismus wurdderu Heranziehung
festkorperkinetischer Modelle studiert. Die Reaikdivder erhaltenen Carbide in der
katalytischen Dehydrierung von Propan wurde untenschiedenen Bedingungen,
unter anderem auch in Gegenwart von eingespeis@@mu@d HO-Dampf, getestet.
Neben herkdmmlichen Struktur- und Oberflachenaeahethoden, wurden zur
Aufklarung von Struktur-Reaktivitatsbeziehungen lawaberflachensensitive in-situ
Methoden zur Charakterisierung der KatalysatorenerurReaktionsbedingungen
verwendet.

Die kinetische und strukturelle Analyse der carleatischen Reduktion zeigte einen
starken stabilisierenden Effekt der Vanadiumdotigrudie auf eine Veranderung der
Sauerstoffmobilitat im Kristallgitter zurtickzufurest.

In der katalytischen Dehydrierung von Propan korbrgebachtet werden, dass die
Vanadiumdotierung den anfanglichen Umsatz von Rraghdht aber die Selektivitat
zu Propen reduziert.

In leicht-oxidierender Umgebung (GH,O) wird die Carbidoberflache oxidiert, was
die Dehydrierungsreaktion fordert. Mo ist ein hervorragender Katalysator fur die
Hydrierung von CQ@in der umgekehrten Wassergasreaktion.

In situ XPS Experimente zeigen, dass die Aktivitatler Dehydrierung von Propan
mit der Umwandlung in eine Oxicarbidoberflache Idiert und dass
Hochtemperatur-Metathese-Produkte gemeinsam mmitfgignten Veranderungen in
den Valenzbandspektren beobachtet werden. Die otiangsaktivitat wird der
erhohten Aktivitat von carbidischen Zentren fir digydrogenolyse des Propans
zugeschrieben.

Die Untersuchung der gebrauchten Katalysatoren hdurc
Transmissionselektronenmikroskopie macht signifiga@berflachen- und Volumen-
Restrukturierungen sowie eine Rekristallisation destastabilen Phasen und eine
Bildung inhomogener, blasenartiger Strukturen duteh aliphatischen Kohlenstoff
deutlich.

Es wird vorgeschlagen, dass Vanadium aufgrund setdekeren ,oxophilen® Natur
als Stabilisator wirkt, indem die Bildung von V=Oruppen die Mobilitat des
Kohlenstoffs und Sauerstoffs durch das Oxid/Kafbiter kinetisch hemmt.
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Chapter 1: Introduction and Overview

1.1 Introduction

The catalytic properties of a given material depapdn the chemical and physical

nature of the surface as well as the chemical enment and temperature. These
conditions determine the dynamic nature of the lgsttasurface and control the

subsequent; adsorption, bond-breaking, diffusiod bBond-forming processes. The

interplay of thermodynamic and kinetic processethatnanoscale can mean that the
activity of a single catalytic site for an undedigathway exceeds that of the desired
pathway by many orders of magnitude. The implicaiof this are such that the

consideration of all possible surface species nhesttaken into account when

modeling the kinetics of a reaction, and that srmdbmogeneities in the chemical

potential of a system may lead to measurable diffegs in reactivity.

The selective or partial oxidation of light hydrdeans is an increasingly important
field in industrial heterogeneous catalysis, andlytmebenum and vanadium-based
oxide materials have long been recognised as keypoaents owing to their manifold
structural and electronic complexity? Oxydehydrogenation and partial oxidation
reactions already play an important role in thiseging chemical econonW.On an
industrial scale at high conversions these catalgsé subject to a wide range of
conditions which can vary considerably in chemmatiential and composition as well
as temperaturél From an extensive body of research it is recoghidat these
influences control the oxidation state at the sigfand subsequently the phase
composition of the catalyst active surfate,

In Table 1.1 the partial and total oxidation reacs for propane and butane are listed
along with their enthalpies of formation and théabdtic temperature change in the
reaction mixture. In the oxidation reactions ofs@dwo alkanes it can be seen that
even the selective (dehydrogenation) pathway isljigxothermic and results in a
considerable adiabatic temperature rise. This gée@reat energy serves to greatly
increase the local temperature and greatly dectbeasexygen concentration over an
atomic area scale. Locally, the conditions are lyatitferent from that observed for
the integrated bulk of the catalyst. Subsequentban be expected that the catalyst
surface responds dynamically by means of electrmhange and potentially atomic



rearrangement as well. On a mesoscopic scalepti@aomenon is referred to as ‘hot

spot’ formation.

Table 1.1: Partial and total oxidation reactions ofpropane and butane with enthalpy and

adiabatic temperature change.

Reaction AH°, kd/mol ATy, °C

CsHs + %2 — C3Hg + H2O -117 1000
CsHg + 1%2Q — 3CO + 4h -226 900
CsHg + 50, — 3CQG, + 4H,0 -2050 2800
C4H10 + 2O — C4Hg + HO -117 800
CsHi0 + 20, — 4CO + 5H -569 1700
C4Hio + 6%2Q — 4CQ, + 5H,0 -2636 2700

In the case of partial oxidation reactions, it baexpected that the chemical potential
over local areas will average out and hypoxic akgilisbe rapidly reoxidised upon
the introduction of oxygen, however, this is notessarily the case. In any plug-flow
gas reactor there is necessarily a gradient of @amotential ranging from the inlet
conditions to outlet conditions, which may be atn@iete oxygen conversion and at

high concentrations of product gases.

It is demonstrated in literature regarding pamigitiation reactions that conversion of
oxygen in fixed bed reactors results in a strongfrying profile of reactive
atmosphere along the direction of gas flbw! Under conditions of total oxygen
consumption it is evident that the gas potentialttté atmosphere will become
reducing, however, this phenomenon is widely igdarestudies which cite partial
oxygen conversion in order to remain in a regimemghy the reaction kinetics may
be analysed by conventional means. Several stigieSinev and others, however,
point to the persistent presence of hydrogen (oeotmmonly measured in catalytic
studies) in reactions in which only partial convensof oxygen is demonstrat&d®
These studies as well as others suggest that tmeegtonal kinetic models which
integrate over the entire reactor do not accountafb observed species in these
reactions. On a mesoscopic scale, highly exothetota oxidation reactions in the
often rich mixtures applied may hypothetically rfésn the generation of transient

2



and dynamic pockets of reduced surface specieshwdie easily reoxidised upon
cooldown and are also not evident spectroscopically

MMQ surface with
high oxygen
potential
Cva
0,
(H,O)
MMO surface with
e |ow Oxygen
polential

Figure 1.1: Schematic diagram of a partial oxidatio reactor at high conversion.

Vanadium substituted molybdenum carbideMo,C) is chosen as a model for a
highly reduced catalyst for the reasons that maylan and vanadium are widely
found as a components in oxidation catalysts, saskhVigO14-type catalysts for
acrolein oxidation, and more recently the novekslaf MoOVNbTeQ materials for
the partial oxidation of propane to acrylic alfd.!? Furthermore, because the
chemistry of MeC is now widely studied there exist a number ofi&s detailing the

synthesis and structural characterization of suaterialst**°!

1.2 Preface

The partial oxidation of paraffins to industriallseful oxygenates has been studied
intensively over the last twenty-five yed. A number of industrially important
advances have been made in this field but mostesyl on alkene feedstocks which
are generally derived from non-renewable petrochaimiesources. A currently
applied and industrially important reaction in thlass is the partial (amm)oxidation
of propene to acrylic acid and acrylonitrile. To eh¢he growing demands for such
materials, more readily available and renewabledde®ks must be considered.

3



Development of catalytic systems for the direct fargtionalisation of propane to
acrylic acid is therefore an important step in pihegression of this field.

With respect to the selective oxidation of lightaales over reducible oxides (i.e. Mo,
V), there are a number of mechanisms and pathwaggoped in the literature.
However, it is generally agreed that first stepwyfunctionalisation is the oxidative
dehydrogenation of the substrate alk&h&or example, in the case of the selective
oxidation of propane to acrylic acid, propane igially dehydrogenated and the
propene reacts further to the oxygenated produthis case acrylic acid.

CsHg — C3Hg — C3H40-

However, for considering a simplified surface redivemistry in such reactions we
may consider the initial oxidative dehydrogenat{@DH) alone. The efficient ODH
of light alkanes has long been a goal of reseaschied industry and as a result many
potential catalysts for this process are beingaepl. The catalysts currently being
developed with the goal of industrialization canddded into two categorie§;*” 18!

. Redox catalysts based on oxides of transition metath as: Mo, V, W. These
are active at relatively low temperatures (350-4&)0°

. Non-redox metal oxide catalysts such as alkalimtheand rare-earth oxides
(also B, Sn, and Si). Generally active at tempeestabove 500°C

For the ODH of propane, Mo/V-based oxides are ntostmonly used and indeed
MoVTe catalysts are high performing materials foe tODH of propane under the
appropriate condition$” In the case of ODH of propane to propene, the allver
reaction can be characterised by the following gneteps which have been
surmised from previous studie&.

1. Propane adsorption/interaction with the catalysiose

2. Scission of the methylene C-H bond resulting in isopropyllic radical
species

3. Reaction of a methyl C-H bond with a neighbourixggen atom resulting in
F-elimination and the formation of a C=C bond

4. Desorption of propene

5. Elimination of BO from the catalyst surface resulting in an oxygacancy

6. Reoxidation of the catalyst surface



The general steps outlined above, along with tffesdon of educts and products to
and from from the catalytic site make up the badi®ur understanding of these
reaction processes and allow us with an extensiadhewmry to develop appropriate
rate equations and kinetic models for the oxidatiedydrogenation (ODH) of light
alkanes.

There are five commonly cited kinetic models whéak used to describe the kinetics
of light alkane ODH: a) Eley-Rideal (ER) model; lgngmuir-Hinshelwood (LH)
model; ¢) The ‘rake’ model; d) Mars Van Krevelen\(Kl) or redox model and; e) the
power law model. Of these models, the first two (ER) involve the direct reaction
of oxygen with the adsorbed alkane either on thitase (LH), or from oxygen in the
gas phase (ER). These models are largely discolnetemlise they involve the direct
reaction of oxygen with the alkane or the activatad oxygen on the surface to form
a peroxide species, the first of which is spin-filsded while the second is indicated
to result in deep oxidatidf> 2! Of the remaining models, the ‘rake’ model and the
power law models are purely phenomenological appres to describe the rates of
reaction and can be used to determine rate cosdtantheoretical reactions steps in
the absence of a true mechanistic model.

The remaining model which is very commonly appliedthe case of selective
oxidation over reducible metal oxide catalifétss the Mars Van Krevelen model,
sometimes referred to as the redox mé&deThis approach makes the assumption
that the oxygen of reaction is derived from theidat and that the subsequently
reduced surface is reoxidised by oxygen which isodoed in the vicinity of the
reduced site. The concerted action of the catalysace is such that in a steady state:

rate of Qadsorption = rate of surface reduction

This model is claimed to be supported by studiesdnious catalyst systeffis 2 but

it does not provide a complete understanding ofttleehanism of reoxidation and is
frequently cited without strong evidence. Furtrethis, the model can be criticised
for failing to describe elementary steps adequalgityxygen must be adsorbed on the
surface and activated before it dissociates amt@porated into the vacancies of the

solid.



The process must also be reversible, allowing #tygen to diffuse out of the surface
and react with adsorbed gaseous species. In sotalgticastudies it is purportedly
shown, by isotopic labeling and transient analysisproducts, that the redox
vacancies may be replenished from the oxygen ibtileof the catalyst* 25 #"IThis

is contrary to the assumption of a direct reox@anf the surface vacancy and there
appear to be disagreement as to the validity &f thechanism in some selective
oxidation reactions which is as yet unresolf&c®!

It has been observed that the surface of the welisd MoVTeNbQ catalyst is
dynamic and changes under reaction conditions ve die active surfacg”’ In
general the complexity of the material has defigdnapts to elucidate the catalytic
mechanism however it is widely believed that thaosechemistry of vanadium is the
key to its performance. In the standard modelsrop@ne selective oxidation over
transition metal oxides there are commonly disadissechanisms for the formation
of propylene, acetone, acrolein, acrylic acid a@@®;. However the G oxygenate,
acetic acid, is commonly the second most abundapgemate and under certain
condition maleic anhydride may be observed in thteb gad!® 3! %2 There is no
commonly accepted mechanism to account for this &2l breaking and formation.
Further to this, the balance of CO/C{@ the outlet gas of such catalyst systems
fregently favours CO despite strongly oxidising dions. It is hereby proposed that
there may be other contributing phases or sitessjpty micro-crystalline or
amorphous) that participate in these catalytic tieas. A possibility exists that
carbides or nitrides formed during preparation rifrdN\H;"), or under reaction
conditions (GHs), may contribute to the overall activity of thetaigst®!

Metal carbides are well known to undergo facile faze oxidatioF>3" and

molybdenum carbide has been explored as a poterdiallyst in a number of
hydrocarbon transformation reactidffs*®! Mo,C may therefore provide a non-oxidic
support material by which we can understand not aspects of the surface reactivity
of complex oxides in reduced/carburised states, distt draw some conclusions
regarding oxygen mobility in the oxide lattice as wtudy the formation of these
materials and their catalytic activity in condit®melevant to selective oxidation

catalysis.



1.3 Aims of this work and thesis structure

The overall goal of this project is to develop amderstanding of the
reduction/carburisation process with respect tolddeed multi-metal oxide (MMO)
catalysts used in alkane and alkene selective tamgorocesses. Of particular
interest is the catalyst class of MoV Te oxides usedhe partial oxidation of propane
to acrylic acid. By generating a simplified model fthe MoVTe catalyst it can
subsequently be studied in the TPR-carburisatiah fan reactivity of the reduced
system in the activation of propane. To simplifisthoal it may be broken down into
parts:

* To synthesise a series of well-defined mixed-meaigide precursors for
carburisation

*  Characterise the precursors and understand thercation process with respect
to the dopant element

* Prepare the model carbide system in sufficient tjiesfor characterisation and
catalytic testing

» Design and construct an apparatus for the catdbygiing of the carbides

» Test the catalytic properties of the series oflgata and gain an insight into the
nature and influence of the secondary metal carestit

* Characterise the catalysts usimg situ techniques to gain a mechanistic
understanding of the catalytic properties with tietato those observed for the
functioning MoV Te system

In order to address this broad thesis, the reaisaif the above goals is described

over three chapters with each chapter constructeda aself-contained story;

containing: introduction, literature review, metlspdresults, discussion and

conclusions. The structure is as follows:

Chapter Two — The synthesis of mixed Mo-V carbidges study of the reduction-

carburisation of mixed Mo/V oxides. The experiméstxtion describes the synthesis
and characterisation of molybdenum carbide mateaalwell as the measurement of
kinetic data with regards to the reduction-carkatiis. Structural and mechanistic

aspects of the reactions are discussed with referenthe solid-state kinetics.



Chapter Three — Reactivity of propane over Mo/\b@de |: Catalytic reactivity and

temperature programmed studissoncerned with the measurement and analysis of

the catalytic properties of molybdenum carbide migtein the activation of propane.
The various reaction pathways are discussed wsihee to the changing dynamics of
the surface and also the influence of differingdfeempositions. This chapter is also
tied to Chapter Two by a serigssitu oxide carburisation experiments (temperature-
programmed reactions) which explore the simultaseactivation of propane and
carburisation of the model oxide material.

Chapter Four — Reactivity of propane over Mo/V aadebll: Surface reactivity

studies and post-catalytic characterisaseeks to connect the observed reactivity of

the Mo/V materials with a picture of the surfacedanulk chemistry and also
electronic structure. The final chapter is conngcte Chapters 2 & 3 by the
discussion of alkane activation and post-mortenradtarisation of the carbides and

oxides after high temperature reaction in propange@nments.

Chapter Five — Summary and Conclusigmges a brief synopsis of each chapter’'s
results followed by a summary of the combined figgi and the conclusions that can

be drawn from this work.

Although finding relevant connection to the multetallic oxide MoVTe is a
motivation of this thesis, it must be stressed llea it is not a goal of this work to
definitively prove the existence of a carbidic dager in such materials. Nor is it to
explore the reactivity of the MoVTe system. The twranary goals of this thesis are
principally to: discuss the mechanistic aspects cafbide formation in the
aforementioned Mo/V oxides and thereby relate tileence of carbon potential and
chemical complexity to such oxidic materials. Setlpnit is to determine the
reactivity of these reduced carbidic systems wikpect to alkane activation in
conditions which bear some relevance to selectkidabion catalysis. To achieve
these goals and develop a less ambiguous undearsjamidthe surface processes has
frequently required the use of conditions more ifay¢han those found in oxidation
catalysis. It is stressed that these conditionglaosen purely because they reflect and
preserve the extremes of chemical potential whiely tme found in the boundaries of
the reaction.



1.4 Introduction to early transition metal carbides

Early transition metal carbides have been shownh&we promising catalytic
properties in a number of hydrocarbon transfornmat@actions** **! Since Levy and
Boudart first demonstrated the Pt-like catalytiopgerties of Wa*! there has been
increasing interest in these materials as subssitéibr noble metals in industrial
catalytic reactions. The progress of this resedraB been primarily driven by
innovation in the synthesis of such carbides atrdias, allowing researchers to make
materials with reproducible physical properties ahdmical compositions. Formerly,
transition metal carbides were formed only at vaigh temperatures by direct
combination of the component elements. This inblytproduces materials with low
surface area, as the temperatures involved gepdealll to extensive sintering, and
relatively high levels of carbon impurity. Leet al. successfully developed a
temperature programmed reduction (TPR) meffibthat allowed for carbide and
nitride materials of appreciably high surface ameée formed under a wide range of
conditions. Many catalytic studies since have maskeof this technique to synthesise
transition metal (TM) carbides and nitrides materidore recently, a number of
groups have made group V and VI carbides via tiga-temperature decomposition
of various solution-based precursfif€® This technique looks to be promising
because the precursor solutions provide a defisitichiometry which can be
manipulated before treatment. Also, there is paeéfar the facile synthesis of mixed
metal precursorS®"! various other synthetic techniques include; chami@pour
deposition®® °* organometallic-based synthe&8kand solid state substitutiois.

The reactions of light hydrocarbons over group M &1 TM carbides are highly
varied and the reported catalytic activities in@pdrischer-Tropsch chemistf?!
isomerisatiort** 8% hydrodesulfurisation (HDSJ®" 53 8% 8% hydrodenitrogenation
(HDN),B* % hydrogenolysi€’ % oxidative dehydrogenatid??: 7% hydrogenatio’”
methane reforming?7* and dehydroaromatisatiéi:’"! The catalytic activity of
carbides in some cases exceeds that of the noltédsnamd they have been shown to

be resistant to poisoning by reaction byproducth s carbon and sulflif:#!

In contrast to industrially produced carbides whack relatively inert, high surface
area TM carbides are reactive to oxygen and mugtalsivated to prevent extensive
oxidation. Numerous studies have been carried mltipg the active surfaces and the



conditions under which they are formed but it seembe consensus that excess
carbon must be removed to fully activate the catadyd that oxidation of the carbide

surface dramatically reduces catalytic activitynany cases.

The use of characterisation techniques for tramsitnetal carbides is relatively
limited in the literature, perhaps owing to thetf#ftat the unsupported material is
opague to many spectroscopic techniques. X-rayadtibn (XRD) is widely used as
a tool to confirm the bulk composition in many pepand its usen situ is discussed.

X-ray absorption fine structure (XAFS) can be vasgful in confirming the extent of
reaction throughout the solid and it is discussath wegards to supported and
unsupported materials. Other bulk analyses inclideuse of differential thermal
analysis (DTA), usually in conjunction with thermragimetry (TG) and mass
spectroscopy (MS). These techniques may be useaitu during the carburisation

reaction or in various oxidative tests. Furthermoes primarily involve probing the
surface composition and structure using spectrosctgehniques such as: X-ray
photoelectron spectroscopy (XPS), UV, Raman, difteflectance infrared Fourier
transform spectroscopy (DRIFTS), and reflectionoapson infrared spectroscopy
(RAIRS). Some of these techniques commonly makeofigbe adsorption of small

probe molecules in order to titrate/investigateabive sites on the catalyst surface.

1.5 Structure of molybdenum carbide

Early transition metals of the groups; IVa (Ti, Af), Va (V, Nb, Ta), Vla (Cr, Mo,
W), Vlla (Mn), and VIII (Fe, Co, Ni) all react undeertain conditions to form stable
carbided®?! These materials have been investigated thoroudiady to their unique
physical properties and the role which they playthe field of metallurgy. More
recently this has role has grown to include phen@rsich as superconductivity and
catalysis. These binary compounds are often terirefthctory materials’ and in

general such transition metal carbides are knowthfar:

i. Extreme hardness/brittleness
il. High melting points

iii. Good electrical and thermal conductivities

The first two features, i. and ii.,, are reminisceftthe properties of covalently or

ionically bonded compounds while iii., along witietobservation that many carbides
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exhibit non-stoichiometry, would suggest that tloeding is metallic. In reality the
properties reflect a mixture of these charactegstand as such are not easily
understood purely on the basis of electronic stinect

With respect to the simple binary carbide struwbserved for these elements the
atomic arrangement can be in part determined bygldagle which states that the
structure depends on the ratio of the radii oftbemetal () and metal () atoms,
respectively. For r =ur, < 0.59, the following structures may arise: faeatered
cubic fcc), hexagonal closed packeldcf) or simple hexagonal (SH). The carbon
atoms reside in the large interstitial sites ofabedral or cubic prismatic geometry.
For r > 0.59 the metallic arrangement distorts ccoanmodate the larger nonmetal
atoms and preserve metal-metal interactions. Futthehis, Engel-Brewer theory
may be used to predict the structures of some cangsaccording to the electronic
structures of the parent metals. However, ovenaltd exist a range of structures for

each element and no simple rules exist to predatyepossibility.

Molybdenum along with tungsten is known to form glencarbides with varying
structures depending upon the synthesis conditibos. to the low scattering power
of interstitial C atoms, a search of the historit@rature reveals a wide variety of
binary phases for the Mo/C system, some of whickeHseen duplicated. In reality
there are a range of stoichiometries and degreesdefring in many of the crystal
systems, however, a synopsis of the primary ciystgbhases is given in Table 1.2.

Table 1.2: Six known molybdenum phase’§!

Phase Metal lattice Space C a_tc_Jm Stacking Remarks
structure Group position sequence
a-Mo,C ortho. Pbcn Oct. ABAB
[-Mo,C hcp P&/mmc Oct. ABAB a-W,.C
nN-MoC .« hcp P&/mmc Oct. ABCACB (77-Mo3C»)
i B-W>C
a-MoCq . fcc Pm3m Oct. ABCABC x=054
¥MoC sh P6mM2 Prism AAAA WC
Oct, and
y-MoC hcp P&/mmc prism AABB
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The most stable and commonly reported modificatisn a-Mo,C which is
differentiated fromg-Mo,C by a slight orthorhombic distortion of the melttice,
resulting in a ‘pseudo-hexagonal’ lattigg-Mo,C is a high temperature variation of
this phase in which the lattice is purdigp, however, in the literature- & £- are
frequently interchanged and in practice the phasesot easily distinguishable. Of
the phases in Table 1.2, two are commonly fourtthénliterature regarding catalysis
— orthorhombic/pseudo-hexagonaMo,C (often referred to g8-Mo,C), and face-
centred cubiar-MoC; .« (see Figure 1.2). For ease of reference, thesseghaill be
referred to asicp andfcc, respectively, hereafter. In a large number oflipatons
these distinctions are either not referred to otr@alict other sources. This confusion
almost certainly arises due to the indefinite $tomimetries and the fact that tiec
carbide is often formed with a stoichiometry velyse to MeC. These problems are
further exacerbated by a lack of consistency inXR® reference diffractograms. A
full discussion of the structural characteristiésmmlybdenum carbide is beyond the
scope of this literature review at present buthertanalysis will be given as
appropriate.

4
a—*a e' L

=]

Figure 1.2: crystallographic views of the structurs of; (left) orthorhombic a-Mo,C and
(right) fcc a-MoC;,. Note that a-MoC, displays a Mo:C stoichiometry of 1:1 and

represents all possible positions for interstitiatarbon in the structure.

1.6 Synthesis of molybdenum carbide

Metal carbides are traditionally used in tool mautiire and in mechanical
applications where considerable hardness is refjuM®st commonly the materials
are synthesised by combining the native elementsrgithigh temperatures, resulting
in a heavily sintered product. These materials raoe useful in catalysis as they
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exhibit low surface areas and significant impusitréhich serve to reduce the overall
activity. For the purpose of catalysis, transitimetal carbides with high purity and
high surface area must by synthesised. This carddree in several ways; the
decomposition of organometallic precurs6ts,chemical vapour deposition using
volatile precursor§8® > heat-treatment of solution-based precur$8¥S! and among
others, the reduction and carburization of metati@xpowders!’”! The final two
methods are of particular interest because the leen shown to produce high
surface area materials and are also processes af@igotentially scalable.

1.6.1 Temperature programmed reduction (TPR) of metal das

For the last twenty years the principle method tkeatarchers have used to produce
high surface area carbides is the temperature-pmuged reaction (TPR) of precursor
metal oxides. In a landmark paper, Leteal. outline the synthesis of molybdenum
carbide and molybdenum nitride from M@t The resultant carbide and nitrides
exhibit high surface areas (50-20&@M), consistent stoichiometry, and are largely
free from graphitic carbon. This is achieved us@mgperature programmed reduction
(TPR) under a CiHH, stream (NH in the case of nitrides) of a high purity starting
material. All products are characterized by XRD,TBftirface area measurement, and
the reaction monitored using gas chromatography) (@@ shown that the reduction
occurs in two steps — the first being the reactibmO; — MoO,, and the second
corresponds to the synthesis of the carbide, MeMo0,C (see Figure 1.3).

Figure 1.3: From left, crystallographic representaions of: @-MoO3, MoO,, and Mo ,C.

The second reduction is dependent on the ratioHfl; used: a high ratio (up to
100% CH) will result in a higher surface area material there will be deposition of
graphitic carbon, at lower ratios the depositioncoke is less favourable but the
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surface area is lower. At very low ratios, it issebved that the oxide is reduced to Mo

metal.

This technique has been applied and developed sxéin for the carburisation (and
nitridation) of other transition metal oxides. Gdrpicular note is the use of higher
carbon content alkanes in the carburisation prod@gsitilizing higher alkanes (C2,
C3, C4, cal}*8887in combination with hydrogen, the carburisatiomperature can
be lowered significantly, therefore reducing thegmbial for particle sintering and
increasing the resultant surface area. The thermanrdics of this process are not
entirely clear with larger alkanes but it appe&is tdissociation of the alkane species
and subsequent incorporation of carbon into thedais a more facile process than
the incorporation of methane.

A further aspect to this process is that molybderanbide produced by the action of
methane/hydrogen mixtures result in the thermodycelip stable hcp Mo,C
whereas the use of higher alkanes result in thastadilefcc MoC; . (in the case of
ethane a mixture of both phases is produ&dRoth carbides exhibit a roughly 2:1
stoichiometry of Mo:C however tHec MoC, .« is stabilised by the persistent presence
of oxygen and is better described as an oxycafii situ XRD studies have
shown that both processes involve the initial faramaof MoO; after which carbon is
introduced into the structure. However, tliec MoC;.x shares similar lattice
parameters with regards to Mg@hich results in a topotactic exchange to give the
carbide, as is also the case in the formation ofNMdhis is seen in SEM images of
the final product which show very similar morphaésyto the starting oxide material.
In the case oicp Mo,C the lattice undergoes a rearrangement to givenadifferent
morphology to that of Mo@ In both cases the surface area of the carbidémde is
significantly higher than that of the starting oxidut this can be explained by the
observation that the initial crystallites are delge to highly porous aggregates of
nanocrystalline material while retaining the overnabrphology. From the results of
BET surface area analysis it can be seen thatighes$t surface area materials result
from the topotactic exchange and that the formatibthe hexagonal phase results in
a decreased surface area (ca. 20@ mcompared with ~50 fAgl). This can be
observed directly in the case where MMoof high surface area is carburized using a
methane/hydrogen mixture to give tice carbide with very similar surface aréd.
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The different catalytic activities/stabilities dfase two phases have not been explored
thoroughly but the evidence thfat MoC; 4 is stabilized by oxygen inclusion and may
be more prone to forming oxycarbides helps to explze observed phase instability
at high temperaturd®¥’ Furthermore it has been observed thatfteearbide is more
effective for dehydrogenation whereas tiep phase exhibits greater performance in

reforming reactions or oxidizing conditiofi.

1.6.2 Stability

In recent papers by let al, the surface reactivity of ME@/Al,Os; with regards to
oxidation and subsequent reduction is probedhbsitu FTIR spectroscopy?! In an
initial study, alumina supported MO was synthesised by TPR method in a quartz
cell whilst monitored using FTIR spectroscopy. Tal®wed characterization of the
freshly synthesised M@ surface by monitoring the CO stretching frequerky a
control, the experiment was repeated in a conveatitashion and the product was
passivated under a 1%/, mixture at RT and then activated underati 873K. The

IR spectrum of each material was very differenthwitspect to the CO stretching
frequency. The freshly prepared material had algtestrong absorbance at 2054tm
indicating that the CO molecule was adsorbed ligean a Mo surface site and that
the Mo was in a reduced state (MoO <& <2). CO adsorbed on the passivated
sample had a much higher stretching frequency (208f) indicating a more heavily
oxidized state. The spectra of the fresh sampt ladse some resemblance to similar
studies of group VIl metals adding credence toittea that early TMCs resemble

noble metals in their electronic structure andvégti

The effects of carburisation temperature and the &t which the final temperature is
held were also shown to have a strong influenctheradsorption of CO. XPS studies
of both the passivated and subsequently reducedystimaterial back up the FTIR
data, showing that even in the reduced form, themiaof the Mo sites are in a high
valence state (M& and Md*). This indicates that the surface layer is predamily
oxycarbidic. Although it was accepted that activatat elevated temperatures (873K)
using B was effective in removing the surface oxide, isvamonstrated by TPR-
MS that the loss of interstitial carbon also occut®wer temperatures were
ineffective at entirely reducing the oxide layerertde, it was concluded that

passivation of MgC using molecular oxygen as the source was tooresesed
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resulted in a surface which could not be fully reel without losing the original
surface. In a previous communication gtial. have established that the reactivity of a

similar nitride material is analogofid!

In a follow-up papé?! Li et al. worked around the question of passivation and
compared three potential passivating systems allhmina-supported MG. It was
found that by replacing oxygen with water or carltboxide as the oxidant, it was
possible to produce a mild oxidic layer that cosltbsequently be reduced more
easily. FTIR studies of CO molecules over oxygesspated material and
COy/water-passivated material show a significant défifce in their ability to reattain
the low oxidation state in surface Mo atoms charstic of freshly prepared

carbides.

These results are in agreement with the findingReimeret al.,who in an extensive
article in 1987 have explored the syntheses ofNMlbcp Mo,C, andfcc MoCy.,. 67 %2

In the article they prepare the nitride using tiERTmethod of Volpe and Boudart
(1985} %31 and the carbides by the carburisation of Mo poweed MoN,

respectively. The question of removing surface @wyg@nd/or carbon is dealt with
and it is concluded that surface carbon may be vethby treatment with oxygen but
at the expense of the inclusion of oxygen atomthé¢ocarbide lattice. Likewise the
removal oxygen, it is stated, cannot be effectatiout significant removal of carbide
carbon atoms from the lattice. However, it is cdesd to be possible to remove
oxygen from the near surface region by heat-treatrmeth a CH/H, mixture at

elevated temperatures.

1.7 Activation of light alkanes over molybdenum-based atalysts

1.7.1 Conversion of methane to synthesis gas

The conversion of methane to synthesis gas isysadlover high surface area Mo
and W carbides. It is discussed as an attractteenaltive to Ni-based catalysts, which
suffer from coke build up and eventual deactivatioeand comparable in
activity/selectivity to some platinum-group metasilst being cheap to produce.

The conversion of methane to synthesis gas over aid W carbides was

demonstrated by Greeat al. using dry reforming (carbon dioxide), partial oxida
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(oxygen), and steam reformifg.%+ A stoichiometric feed ratio is used at elevated
pressure. The catalyst material was prepared byofPiyh surface area metal oxides
and the reactions are carried out in modified nme&aotor.

The activity of the catalysts in the dry reformioyjmethane is largely dependent on
the pressure and gas hourly space velocity (GHS\fgactant mixture. At ambient
pressure the catalysts are deactivated after at sinoe due to oxide formation
(observed vian situ XRD analysis). At higher pressures (~8 bar), tystesn is stable
as observed over 60-70 hours. /@owas the more effective of the two carbides,

comparable in relative activity to Rh-based catalys

The carbides were also studied in the partial dikadaof methane to carbon
monoxide. In the presence of oxygen at elevategéeatures and ambient pressure
the catalyst materials deactivated. This was oveecdy operating at an elevated
pressure and with an initial gas mixture of 600, which was switched to a GHir
mixture over the course of an hour. Under thesalitions, MaC, WC, and 5%
Mo,C/Al,Os catalyst systems catalysed the partial oxidatibmethane with high
selectivity and exhibited stability over the couedd 2 hours.

Similarly in the steam and mixed reforming condigpthe catalysts performed ably,
showing high selectivities for the production ofdhggen and carbon monoxide. It
was found that elevated temperatures and optimfied rates prevented any
detectable deterioration of the catalyst activigrothe course of 72 hours.

It is seen throughout the study that the carbidelysts are deactivated at ambient
temperature due to oxide formation, and that thasmanism is suppressed at elevated
pressures. The phenomenon can be explained byeldteve rates of oxidation and

carburization.
Mo,C + 5CQ = 2MoQG + 6CO (rate =) —_ (@H)
2MoO, + 5CH, = Mo,C + 4CO + 10H (rate =ky) —_ (2

In Figure 1.4 it can be seen that the consumptigheofeed gases Gildnd CQ drops
dramatically with increasing GHSV. The lowest GH8¥mnains active for just over

1000 minutes before deactivating. The diamond paiepresent an increased GHSV
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but with a diluted feed stock such that the molaargity of reactants is identical to
the optimised conditions.
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Figure 1.4: Effect of GHSV on the stability of theMo,C catalyst at 1123K and 1 bar. Open
symbols =X coz; closed symbols =(crs. GHSV (h):0 — 1.91 x 16; o0 — 3.97 x 16, A —
6.36 x 10; 0 — (1.91 x 18+ Ar = 8.79 x 10). Reprinted from ["? with the permission of
Elsevier.
At higher pressure (8 bar) and operating at opechiSHSV, deactivation of the
catalyst material is not observed. From this graptl other experimental data it was
concluded that the reaction rate which governsr#te of carbide oxidation (1) is
faster than that of oxide carburisation (2). At &@wWGHSVs and higher pressures,
there is an increased contact time which allowswlgereactions to reach equilibrium.

1.7.2 Dehydrogenation Reactions

Dehydrogenation is the rate determining step in fiagial oxidation reaction of

propane to acrylic acid. This reaction is generabyried out over oxidic catalysts
such as the mixed metal oxide MoVTe system ancepirasents a fundamental
advance from the use of propene as a feed stockwuwber of studies have

investigated carbides for their activity with respt dehydrogenation reactions and
they appear to show some promise.

1.7.2.1 Molybdenum oxycarbides

MoOs; was reduced under a mixture of butanedii550°C and found to be active in
the dehydrogenation and simultaneous isomerisation-butané® Under the n-

18



butane/H stream, the catalytic surface was unstable leatdirtgtal carburisation of
the surface layer and subsequent coke depositina.slirface remained active but the
selectivity was entirely towards hydrogenolysisntethane. The addition of steam to
the reactant mixture was found to stabilize thefame@r composition and prevent
coking, however, a reduction in the catalytic attiwas also noted.

1.7.2.2 Supported molybdenum carbides

Solymosiet al. have carried out the dehydrogenation of proparex @6M-5 and
SiO, supported molybdenum carbiie®®In the case of the SiGupported material,
dehydrogenation was the dominant reaction and peapyselectivity approached
50% at a conversion of ca. 25%. The selectivity relesed with increasing
temperature which was attributed to deactivationthed catalyst through further
carburisation. The ZSM-5 supported carbide howesleowed very low selectivity to
propylene and the principal reactions observed wepenatization and cracking. In
this case, much of the activity could be attributedthe support material ZSM-5
which is selective towards cracking and aromabratin the absence of MG.

Although increased selectivity for aromatizationsvedoserved.

1.7.2.3 Vanadium Carbides and Nitrides

Thompsonet al. have presented some relevant work on vanadiumidesrband
nitrides in the dehydrogenation of butdtfel® V,0s is reduced using TPR under
CH4/H; and likewise under NHto yield the corresponding carbide and nitridee Th
carbide is sub-stoichiometric with the formulgG/ and the nitride has the formula
VN. In a stream of n-butanefHin He carrier gas), both catalysts displayed an
increased selectivity to the formation of olefinscomparison with MgC, which was
highly unselective. The bonding in the compounds waestigated using NEXAFS
and there was seen to be substantial charge trainsfe the vanadium to the non-
metal atom. It was suggested that this ionicity,iclvhis not seen in other TM

carbides, was in part responsible for the increaséettivity observed.

1.7.3 Isomerisation reactions

Isomerisation of short chain alkanes (C4—C7) ignaportant reaction in petroleum

chemistry to increase octane content and prodweamet-burning fuels. One of the
challenges in this area of chemistry is the devalent of catalysts that can isomerise
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n-heptane with high selectivity while minimising drpgenolysis, or ‘cracking'.
Ledouxet al. have reported high selectivity in the isomerisatid n-heptane over a
Mo,C catalyst which was pretreated in air at elevaesdperature*! Prior to this
study, Ribeiroet al. reported the effect of surface oxygen on the geisctof
tungsten carbide powders in isomerisation reacf§hs'°? Isomerisation was not
observed on freshly prepared catalysts but it iseoled with high selectivity over
oxygen modified carbides. It can be seen from thaseé other papers that the
reactivity is strongly dependant on the carbidicfaze and that varying degrees of
oxidation will modify the selectivity substantially

1.7.4 Interaction of light alkanes on supported M@ catalysts
Recent papers by Solymosi al, have reported on the catalytic activity of TPR-
preparegs-Mo,C supported on SiCand ZSM-5, respectivel”!

In the former case, the oxidative dehydrogenatiogtioane is carried out over a silica
supported catalyst showing high selectivity (90-9566 the formation of ethylene at
moderate conversion (8-30%). The oxygen source uses CQ with the

predominant reaction being:
CHs + CQ - GCH4s + CO —_ (3)

The MoC catalyst was prepared according to the methd@batlartet al. and ethane
(12.5% in Ar) was passed over the material at teatpees between 550-690°C. The
partial pressure of CQwas varied but the most reliable results wereionbthfor the
ratio GHeg:CO, = 1:1. At 873K these conditions resulted in selégt of 87% at 14%
conversion with a turnover rate for ethylene of 2 70°. By contrast, the precursor to
the carbide material, MofBupported on Sig)showed very little catalytic activity for
the reaction @Hg + CQ.. The conversion rate for similar temperatures arasind 3%
with a selectivity of 25-30%. Increasing the floate or GHSV decreased the
selectivity to ethylene while increasing the ratéoomation of undesirable products.

The more recent paper of relevance by Solyrabal. details the reactions of propane
over three MgC catalyst systems: unsupporfetlo,C, ZSM-5 supported M&, and
SiO, supported MgC " % The interaction of propane and propylene on théase
of the catalyst was probed using FTIR spectrosampya sample of Mg&C/SIO, at
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reduced pressures. The results show that propasgmesisorbed on the surface at
lower temperatures (150-250K) but at higher tempees, the spectrum more closely
resembles that of adsorbed propylene. This is stggdy temperature programmed
desorption (TPD) measurements in which propanerbddoonto supported MG is
seen to be converted to propylene and ethylenglaéhtemperatures.

The catalytic reactivity of the three systems wasnpared over a range of
temperatures and flow rates. Additionally, the te#g of the support materials was
tested to provide comparison.

Over bulk f-Mo,C at 600°C, the predominant reaction is dehydroty@mato
propylene. This occurs with ca. 44% selectivityt lith a low conversion (~7%)
which may in part be due to the low surface argh®unsupported material.

The silica-supported catalyst material was testezt the same temperature range and
it was found that initially, the predominant reaatiwas hydrogenolysis, resulting in
the production of methane and ethane. After some bin line, the dehydrogenation
reaction became more prevalent and propylene waduped with a selectivity of
50%. It is suggested that the hydrogenolysis readt inhibited by coke deposition
on the catalyst surface.

The reactions of propane over ZSM-5 and ,MI@ZSM-5 were found to be quite
different. On untreated ZSM-5, from around 500°@hyldrogenation and cracking
reactions predominate. Above 550°C, however, tbdyction of benzene and toluene
by aromatization reactions is observed. At 700°€ ghlectivity is at a maximum of
34%. In the M@C/ZSM-5 system, however, selectivity of 46% is asled at the
lower temperature of 600°C with only a slight dese in conversion. The difference
in the reactivity is attributed to th@Mo,C activity for dehydrogenation combined
with the ability of ZSM-5 to aromatize the internegteé propylidyne species.

1.7.5 Partial oxidation reactions

Highly relevant to the proposed experimental warkhe oxidation of light alkanes
over early transition metal carbide surfaces. Viery studies have been carried out
regarding this reaction but some research of nate performed by Ledoust al.,
examining the partial oxidation of butane to mala@ohydride over supported
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vanadium carbid% %4 The carbide was synthesised by depositing a ‘®lati
metallic precursor (liquid ¥Os) over a high surface area carbonaceous suppaet. Th
system is heated in the absence of oxygen to 130@uLicing the oxide to form a
carbon-supported VC catalyst. This surface is thassivated in air resulting in an
amorphous surface layer of vanadium oxycarbideesaled by HRTEM.

Catalytic tests with butane reveal that the undammyimg conditions the material
showed some selectivity towards maleic anhydridgessing an enriched mixture of
butane (@Bu = 1.1) over the catalyst resulted in total camstibn but a leaner
mixture (Q/Bu = 6), produced maleic anhydride with ca. 30%deity at ca. 45%
butane conversion.
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Chapter 2: The synthesis of mixed Mo-V carbides

2.1 Abstract

A series of bimetallic carbides of the form (M&/x).C (0 <x < 0.12) was synthesised
by carbothermal reduction of correspondmiylo;xVxOs mixed metal oxide (MMO)
precursors. The oxides were synthesised by pratigmt and the subsequent carbide
phase development was monitored usmgitu X-ray diffraction (XRD) and outgas
analysis of the temperature-programmed reductiobecsation. The observed
structural evolution is combined with analysis lbé tsolid state kinetic data and the

reduction mechanism is discussed.

Inclusion of vanadium is observed to retard theev$ reduction as well as strongly
influencing the kinetics of oxide reduction. Theuetion is observed to proceed via a
complex mechanism involving initial formation ofnaonoclinic suboxide, Mog.
Increasing the content of vanadium retards thetasfseduction as well as the onset
of carburisation in the step MeG» Mo.C.

The carbides exhibit a trend in the growth morpgglwith vanadium concentration,
from a particulate-agglomerate material to a packeaho-fibrous morphology.
Transmission electron microscopy investigationhaf fibrous material using selected
area electron diffraction (SAED) reveals that thghhaspect-ratio crystallites exhibit
pseudomorphism, and in the case of the vanadiuraioamy materials, it is observed
that there is some preferential orientation of @lygrains. Characterisation of the
materials by N adsorption reveals an increasing mesoporositycégsd with the
fiborous morphology, as well as an exceptionallyhrsgrface area (80—116iy).

The synthesis was subsequently scaled up fromntlsgu XRD preparation using a
specially adapted rotary furnace to perform theperature-programmed reduction-
carburisation. By adapting the heating rate, gaw find pre-treatment conditions it
was possible to produce carbide materials with cmadge physical properties to
those obtained from the small scale. As a redultias possible to synthesise Mb
materials in multi-gram quantities (5-15 g) with BEurface areas ranging from 50—
100 mp/g, among the highest values reported in literature

In addition to the development of the synthesisapaaters, air-free techniques and

equipment were developed for the handling of fresbtluced carbide materials.
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These tools are readily adaptable for high-tempegatyntheses and allow the user to
transfer material from the reactor directly to tglevebox without exposure to
atmosphere.

2.1.1 Introduction

Since it was observed that early transition metabides display noble metal-like
properties! 2 there has been a renewed interest in these mistériahe field of
catalysis, especially so in the case of group V ¥hdarbides. It is hoped that such
materials may be able to substitute scarcer ance rmppensive noble metals in a
growing field of applications, including fuel celtsd energy-related catalysis. This
resurgence is largely due to the discovery of éaailutes to highly dispersed bulk
carbides and supported carbides by which transitietal oxides are reduced using a
temperature-programmed reaction in the presenca chrbon containing g&3.
Depending on the conditions, this approach yield&clsiometric materials of high
purity with relatively high surface areas.

Molybdenum carbide exhibits interesting activityannumber of catalytic reactions
including isomerisatio#! hydrogenation and hydrogenolySismethanol reformin
and hydrotreating reactiof$ It can also be formed under relatively mild cotudis
making it an ideal material for the study of cadsdin catalysis. In addition,
molybdenum participates in an extensive chemistity wxygen providing various
potential approaches to mono- and polymetallic idadvia multi-metal oxide
(MMO) precursors. In this study, we explore an aph to a ternary carbide (Mo,V)
through the use of Mo/V mixed oxides.

Various approaches to polymetallic carbides ardinaat in the literature for their
potential in hydrotreatment catalysis, includingabsished variations of BC-type
carbidesite. A,B,C;x= 2, 3, 4y = 6x; A, B=Ti, V, Cr, Mn, Fe, Co, Ni, Nb, Mo,
W, Ta)® % Of more relevance to the present study is thegvation of carbide solid
solutions related to the simphepandfcc carbide phasé¥! In two studies by Oyama
et al, a series of bimetallic transition metal oxidequnesors of the form MM>0y (M1

= Mo, W; M, =V, Cr, Fe, Co, Ni, Nb, Mo, W) was prepared bg #olid state fusion
of simple oxide components. The oxides were sulmdlucarburised as per the

literature method resulting in bimetallic oxycamidhaterials'® 12! Also, recently,
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Bastoset al. have synthesised mixed Mo/W carbides by varyingsthehesis method

of the precursor compounds including co-precipitatyf mixed metal oxid€es®

In this study, a bimetallic modification of the tagonal molybdatd-MoO3z; was
chosen as a starting material with vanadium asstistituting dopant metal. In this
way it was expected to reduce potential segregatioder the conditions of
carburisation. The variably substituted oxidesthe form (NH)xMo1xVxO3, were
prepared by coprecipitati§fil and the resulting precursors subsequently cadxliis
anin situ XRD cell to give a series of samples of the formo(M)Cx. From the
characterisation of the intermediate and resul@otucts it can be seen that the
composition and structure of the precursor oxidBuéamces the mechanism of
reaction as well as the surface area, morphology guain size of the product

carbides.

2.1.2 Motivation

As outlined in the introductory chapter, the prignanotivation for this work is to
study the potential influence that a reduced nwetale catalyst operating in a carbon-
rich environment may have on catalytic activityeTtudy has particular relevance to
the MoVTe M1 catalyst for the partial oxidationprbpane to acrylic acit ®'and to

MosO14-type catalysts used in the selective oxidatioaasblein to acrylic aciét”!

The primary elements apart from oxygen in all ¢¢ #forementioned catalysts are
molybdenum and vanadium, which due to their redlitgitand electronic flexibility

have been studied extensively in the catalytiaditee, especially with respect to
oxidation chemistry. In general, the reducible matof molybdenum oxide lends
itself to the formation of carbides due to the tig&ly low temperatures required to

substitute carbon in the latticé other transition metals®-2"]

The temperature-programmed reduction-carburisatbrMoO; to S-Mo,C under
H./CHs (as developed by Oyamet al®l) is carried out in two steps. The first
involves the reduction of Mofto MoQO, which is carried out by the action of
hydrogen alone. The second step is the reductidnidaation of MoQto Mo,C
which is performed by the hydrogen and methaneomcert. It is also possible to
carry out the carburisation with methane alone, déw@m, it requires higher

temperatures to allow the decomposition of (bl release atomic hydrogen and
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perform the requisite reduction stéfPsFurthermore, higher hydrocarbons may be
used to effect the carburisation of Mp@ach successive increase in chain length
decreases the required temperature to decomposkytitecarbon and incorporate
carbon into the oxide matrlk!?* Additionally, it is possible to carburise Me@sing

carbon alone as the reducing-carburising ag&at!

The stability of MoQ to the initial reduction is a function of the (geally) low
surface area and the strength of the H-H bond, lwhiast be activated to combine
with lattice oxygen. Therefore, the use of longdrain hydrocarbons, which
decompose over MoCat temperatures < 400°C, are able to reduce tlue @t lower
temperatures than pure; by the generation of atomic hydrogen at the site o
decomposition. Depending upon the specific natdiréhie reduction-carburisation it
is possible to form either thiec a-Mo,C or hcp S-Mo2C. Hence, the action of
propane upon molybdenum oxide is observed to resudt mixture offcc and hcp
molybdenum carbide phases at between 500-600°C,1@@°C lower than that
observed for HCH,. This temperature range is certainly not beyorat thhich is
achieved in hotspots observed for selective oddatatalysts®!

Thus, the need for a detailed and mechanistic @iaddi the reduction-carburisation
process lies at the heart of this study. The poirdifference maintained here is that
the mechanism and kinetics of formation has nototeefbeen approached for
bimetallic/polymetallic systems that reflect theentical nature of selective oxidation
catalysts.

2.1.3 Experimental goals and approach

As is stated in the motivation section, it is dedito produce a study that elucidates
the role and influence of vanadium in the carbtiogaprocess. To do this, it is
necessary to have a defined series of precursalesxwith which to carry out the
carburisation study. The conditions of the TPR-aadation must be defined, and the
composition and structure of the starting materaisl products should be well-
understood. Furthermore, to gain mechanistic irisidjie reaction must be monitored
in situ to determine the extent of reaction and the nabfiratermediate phases. To

satisify these requirements, an outline of the arpental approach is as follows:
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. Prepare a well-defined series of oxide precurs@seth on the hexagonal
molybdateh-MoOs with V progressively substituting Mo to give a mdk
Mo/V oxide precurson-Mo1.xVxOs

. Characterise the oxide precursors using: XRDs;physisorption, SEM (&
SEM-EDX), TEM and TG-DSC
. Carburise the oxide precursors using4ZH in a TPR-carburisation based on

the preparation by Oyane al®®!

. Monitor the evolution of of crystalline phases wsin situ XRD during the
temperature-programmed reduction-carburisation

. Carry out kinetic studies on the oxide reductiorboasation using different
heating rates with quantative analysis of the autga

. Use solid-state kinetic modeling to gains insightoi the mechanism of

reduction-carburisation by comparison with thesitu XRD data

. Characterise the carbide products using: XRDyphysisorption, CHN
analysis, SEM (& SEM-EDX), XPS, TEM and TG-DSC
. Develop a scaled-up synthesis method based omtterstanding gained from

plug-flow experiments

In the study of molybdenum carbide, the preparatbnvell-defined material with
homogeneous surface properties is important becthesereactive nature of the
surface makes it difficult to characterise exacnly limited information can be
inferred if the chemical nature of the surfaceysamic or unknown. On the basis of
these criteria we can generally define the idedlidac surface as being representative
of the bulk structure of the material, ie. an ist@#ial arrangement of only
molybdenum and carbon at which the surface is Ige#&rminated as a
crystallographic plane, and also importantly, foé@dventitious carbon species such
that every surface site is accessible to reacRoevious studies have shown that this
can be achieved through the judicious use of thdgmamic parameters derived from
an analysis of the Gibbs free energy equationsc&wbon formation and methane

reforming®®!
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2.2 Experimental
2.2.1 Synthesis

2.2.1.1 Synthesis of precursor oxides

The series oh-MoOs precursors (of the fornh-Mo;1.xVxO3) was prepared in an
automated laboratory reactor (LABMAX, Mettler, Td& by the precipitation of a
0.032 M aqueous solution (total metals) of ammoniuneptamolybdate
(NH4)sM07024:4HO (Merck, > 99%) and ammonium metavanadate ANBs
(Aldrich, > 99%) at constant pH and temperatures precipitation pH of the mixed
AHM/AMT solutions was determined using a Mettler DiLlaboratory titrator at the
desired temperature (75°C) titrated with 1M HN®@s can be seen in Figure 2.1 the
curves are not very sharp, but from the differdnttiaas decided to choose pH = 0.5.

6 - 0.0
s Vi(Mo+V) = 0.1 e
......... Mo et . E
5_
................ 1-05
4_
2
L 3- 1-1.02
2 2
1-15
1_ _______________________________
0 T T T T T _2.0

2 4 6 8 10 12
mL HNO3 added

Figure 2.1: Titration curves for 1M (metals basis)AHM (blue) and AHM/AMT (red)

solutions at 75°C.

The metal-containing solution (1000mL) was autoosdly added stepwise to
aqueous HN® (ph = 1; 300mL) maintained at a temperature ofC7Hiroughout
addition. The pH was maintained at 0.5 by automateditoring and via addition of
3M HNO;s from a reserve. The precipitate was aged for 2hati75°C, collected by
filtration, washed with water (2 x 100mL) and wadhence with EtOH (100mL)
before drying overnight at 80°C. It was observeat tholybdenum was preferentially
precipitated from the reactant solution and theeetbe applied and received Mo/V
ratios, and the physical properties of the oxides,detailed in Table 2.2.
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An example of the LABMAX protocol can be seen igle 2.2. The protocol can be
interpreted as follows; 1) initial acification tddp= 5 (red line); 2) addition of metal
salt solution (1000 g over 100 mins); 3) nucleatient = 03:40; 4) precipitation
(endothermic event) @ 03:40; 5) post-aging at teatpee.

pH mass (g)
100 - Heating oil temp. 12.0
Reaction temp 11000
endothermic event
O 90- 11-5 4800
o
4?5 80- aging period | 1.0 1600
2
= - v 1400
(@) L /
— 70+ \ 10.5
-4 200
\ pH
mass of Mo/V soln added
60 0.0 -0

00:00 01:00 02:00 03:00 04:00 O05:00
time / hh:mm

Figure 2.2: A typical LABMAX protocol for the synth esis oth-Mo .,V 4Os.

a-MoO3 used forin situ XRD experiments was obtained by spray drying aNd.3
solution of ammonium heptamolybdate (AHM) in a Biikhni Spray Dryer B290

(Inlet temperature = 433 K; Outlet temperature 6 ¥, Pumping rate = 15% of
maximum) followed by calcination in a muffle furreaat 773 K for 10 hours. For the
temperature-programmed reduction-carburisation @xgats a-MoOs was used as

received (Sigma Aldrich).

2.2.1.2 In situ reduction-carburisation of Mo/V oxides

The carbide materials were synthesised a temperature-programmed reduction-
carburisation (TPR-C) under a flowing atmosphe@;ngd/min He (> 99.9%), 40
ml/min Hz (> 99.9%) and 10 ml/min Cll (> 99.9%). The reduction and subsequent
phase formation was observedsitu using powder XRD. The precursor oxides (170-
230 mg) were loaded into the situ cell and initially ramped to 300°C (no structural
changes were observed) where a diffraction pattexs recorded under isothermal
conditions. Subsequently, the temperature was rdngpel°C/min and scans were
recorded isothermally every 50°C to a final holthperature of 750°C for 4 hours
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before cooling to room temperature at which poirfinal scan was recorded (see
Figure 2.3). The sample was passivated under 0 ¥ He (total flow 100 ml/min)
for 2 hours before removing the sample. The comnitiof than situ experiment were
chosen in order to balance the temperature resol@nd the overall heating rate
(0.56°C/min) with the apparatus limitations, as Ivad recording a functional@®

range for Rietveld analysis.

800
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Figure 2.3: Temperature program for in situ XRD studies.
The in situ powder XRD studies were performed in a STOE ThHéteta
diffractometer with reflection geometry (secondagsaphite monochromator, Cu
K a1+ radiation § = 1.5419 A), scintillation counter) equipped wih Anton Paar
XRK 900in situ XRD cell. In situscans were carried out in the range 2269<23°
for the temperature program and a longer scan (88 < 60°) at room temperature
after passivation. The temperature program was ewedbwith analysis of the outgas
stream using a Pfeiffer OmniStar quadrupole masstspmeter.

2.2.1.3 Large scale preparation of (Mo\Vy).C

The goal of upscaling was to retain the high s@faeca of materials synthesised
situ and to produce catalytically active carbides Math levels of adventitious carbon
for materials testing and use in future studie® Gbnditions were therefore modified
with respect to then situ synthesis.

In this study we have utilised a custom-built rgtfmrnace produced by Xerion,
combined with a bespoke quartz reaction vessel lwimitegrates by means of a
stainless steel flange with attached KF butterfbives. The furnace and reactor
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assembly is contained within a sealed stainlessl $t@od which is continuously

purged with N2 gas to provide an inert shield isecaf rupture. A gas manifold

assembly allows for the purging of the reactionnchar and a flexible range of

gaseous atmospheres. The temperature of the furmanederated by a Eurotherm
2704 PID controller with a three zone furnace cedplith feedback from three

embedded thermopiles. The isothermal zone of thetoe is measured across the
central zone of the reactor (12—14cm) and is meastar be +/- 5°C with an offset of

-25°C from the PID displayed values.

The materials synthesis was scaled up to multi-gral0g) quantities using a custom
built rotary furnace with 3 heating zones (Xeriordvanced Heating GmbH),
equipped with mass flow controllers for Arp,(H, and CH (Bronkhorst) and a PID
heating controller (Eurotherm 2704). In each ca3® 3 ofh-Mo1.4\VxOs precursor
was introduced to the modified SiQube reactor and subjected to a temperature
program under flowing CiH, (1:4; 450 sccm) as follows: RF 350°C @ 1°C/min;
350°C — 500°C @ 0.2°C/min; 500°C — 550°C @ 1°C/min; 550°C — 675°C @
0.2°C/min ; hold 4 hours> RT. Following the temperature program, the KF &t
valves on the flange ends were closed and thedseadetor was introduced to the
glove box. A photograph of the furnace set-up al agethe air-free transfer device is
shown in Figure 2.4.

Figure 2.4: (left) ‘Hindenburg’ rotary furnace used for upscaled synthesis of
(Mo 1.4xVx)2C. (right) Custom-designed flanges for air-free reator transfer.
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2.2.1.4 Temperature programmed reduction-carburisation
Temperature-programmed reduction-carburisation mxjgats were carried out using
500mg of precursor oxide in a Si@-tube reactor heated in the isothermal zone of a
tube furnace (Carbolite). The heating was controllg a PID controller (Eurotherm
2416) and the temperature monitored by a thermdeaophe reactor bed. The gas
analysis was carried out with heated lines usingdime IR CQ detector (ABB) and

a mass spectrometer (Pfeiffer Omnistar) to moniaction products. The oxides
were carburised in a flowing atmosphere of 200 satiH,/CH, (5:4:1) under
temperature ramps of 1, 2 & 5 °C/min to a finalcthtdmperature of 675°C for two
hours. Quantitative product analysis fofxQHand CQ was carried out by normalising
the MS signals to the calibrated C@etector and by summation of the total oxygen

content of the precursor oxides.

For solid state kinetic modeling of the reductiangess, the TPR data was analysed
using ‘NETSCH — Thermokinetics’ software to giveetltonversion-dependent
activation energy using the technique of Ozawa-flamd Wall*®® The derived
activation energies were subsequently used to ggnereaction curves for

8/60 5 vs.a for mechanism comparison using the masterplot ageth

2.2.1.5 In situ and ex situ characterisation

The in situ powder XRD studies were performed in a STOE ThHéteta
diffractometer with reflection geometry (secondagsaphite monochromator, Cu
K a1+ radiation § = 1.5419 A), scintillation counter) equipped wih Anton Paar
XRK 900in situ XRD cell. In situscans were carried out in the range 229<23°
for the temperature program and a longer scan (88< 60°) at room temperature
after passivation. The temperature program was egedbwith analysis of the outgas

stream using a Pfeiffer OmniStar quadrupole masstspmeter.

Ex situpowder XRD was carried out on the precursor oxates for full scans on the
as-synthesised carbides using a STOE STADI P diffraeter in transmission
geometry (primary focusing Ge monochromator, Cay Kadiation A = 1.5406 A),
linear position sensitive detector). Full pattemalgsis of the XRD data was
performed using TOPAS softwdf8. The pattern fit for each material was carried out
using a Pawley refinement based on a hexagonal agtlit The information on
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crystallite sizes was subsequently obtained gg-IB values (volume-weighted
average column height based on integral breadtbprdmg to the double-Voigt
approacH3!!

Differential scanning calorimetry (DSC) combinediwthermo-gravimetric analysis
(TGA) was used to study the thermal decompositibthe precursor oxides. The
study was carried out on a Netsch Jupiter STA 4d8orimeter equipped with a
Pfeiffer OmniStar quadrupole mass spectrometeafialysis of out gases.

The carbon content of the carbide samples was mazhby CHN analysis carried out
using a FlashEA 1112 Elemental Analyzer. In thegafsvV-containing materials pure
oxygen is used to effect total combustion of the@as.

All oxide and carbide samples were analysed by Mgladsorption-desorption
isotherms using a Quantachrome Autosorb AS-6B nredsafter a pre-treatment in
vacuum at 200°C for 2 hours. The specific surfasasawere determined applying
the Brunauer-Emmet-Teller (BET) method using lladpbints in the relative
pressure pgrange between 0.05 and 0.3. The pore size distritmiwere calculated
using the Barrett-Joiner-Halenda (BJH) method ftbedesorption branch of the N

isotherm.

Analysis of the carbide morphologies was inveséigabn a HITACHI S 4000 FEG
scanning electron microscope (SEM). To determinemehtal concentrations,
electron dispersive X-ray spectroscopy (EDX) wasied out using the EDAX DX-4
analysis system.

Transmission electron microscopy (TEM) investigatiof the Mo/V carbide was
carried out with a Philips CM 200 FEG (Philips, @moven, The Netherlands) TEM
operated at 200 kV and equipped with a Gatan Inkalger (Gatan, Warrendale, PA)
and a charge-coupled device (CCD) camera.

2.3 Results and discussion

2.3.1 Hexagonal precursor oxides

h-MoQOs is a metastable, complex molybdate defined byaggedge-sharing Mo
octahedral chains which extend down the lengthhettaxis and are edge connected
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to form a superstructure in which hexagonal chantralzel down the length of the c-
axis. The channels are partially occupied by molemtacationic species @@,
NH;", K*, R, Cs are reported) that are intrinsic to the stabibifithe structure and
presumably serve a templating role for the cryiz&tibn of the phase. The synthesis
was first described by Olenkova in 1981 and subsetly characterised in detail by
Caiger®234 |n contrast, K19M00s V01403, a mixed Mo/V analogue is described by
Darrietet al.® in 1973 (see Figure 2.5) and the phase stabilitoa 00501903

is more recently demonstrated by DupBh£” In this study we have used a synthetic
method resulting in Nii-containing mixed Mo/V molybdates previously desed
by Mougin et al® The characterisation and description of this oxigeies are
outlined in Table 2.2.

Figure 2.5: Crystal structure of Kg13M0¢ gV 01403 as decribed by Darriet and Galy=>>!

As can be seen from Figure 2.6(a), the result a$ustitution is an increase of
stability of the structure to oxidative degradatimMoOs; — a-MoOs3), which is

observed in the profiles of the TG-DTA analysistlod oxides OVox and 8Vox. The
increase in stability is observed to increase tmaximum at ca. 10% vanadium
substitution and is in accordance with a previows\s' The case for a statistical
distribution of V atoms throughout the Mo subladtis further strengthened in Figure
2.6(b) which shows the divergence of the overlagdib?0] and [101] diffraction

peaks at 2= 25.8° with increasing vanadium content.

40



—— A ()

Increasing V content
100 > -1.5
8Vox-1.0
= OVox o
N
< 98- 05 O
) B (@)
= -0.0
E S
o
‘S 96 --0.5 3
; Nt
--1.0
94 - --1.5
T T T T T T T T T 2.0
100 200 300 400 500
Temp T
b
8000 ° ( )
N
o
6000
)
<
2 4000+
) 11Vox
3]
IS 8Vox
2000+ 5Vox
3Vox
0OVox
0_ T T T T T T T T T
25.2 25.6 26.0 26.4 26.8

26
Figure 2.6: (a) TGA-DSC traces for the oxidative dgradation (h-MoO3; — a-MoO3) of
precursor oxides OVox and 8Vox. (b) X-ray diffracton patterns of the precursor oxides

(OVox-11Vox) between 25° <2< 27° illustrating the divergence of overlapping pea& with

increasing V content.

The series of Mo-V precursors based MoOs structure were comparatively
analysed using a Rietveld refinement carried ouhgusTOPAS software. The
structural model used is that found by Gatyal. for the compound ¥Mo1.xVxO:s.
The model has been modified to include flkh place of K and the parameters
refined. It was observed that especially in theeca$ V-substituted oxides, the
structural model best approximated the pattern veherixture of two identical phases
was taken into account. The inclusion of this migophase (20-30%) helped to
account for various shoulder peaks and asymmetiak ghapes. The two phases are
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labeled H (majority) and H (minority) for distinction (Table 2.1). From Figu2.7a
we can se from the Rietveld fit for 8Vox that tliei§ reasonable but in some cases
does not fully describe the peak shapes. The mofSigure 2.7b & ¢ help us to
understand this trend further: for the ‘c’ parametbe oxide series obeys Vegard's

law/=8]

with regards to a linear relationship betweendbpant concentration and the
lattice parameter and the trend is observed taléetical for both calculated phases.
In Figure 2.7b however we see a relation betweenptmases H1 and H2 with a
distinct maximum for 5Vox. In this case the ‘a’ pareter describes the a-b lattice
plane in which the octahedra are hexagonally aednghis plane can be expected to
swell/shrink depending upon the occupation of thenmels with HO and NH and

we therefore see this variation which is explairaby increasing cation (Nf)

density in the hexagonal channels with V contehts Teaches a maxima and then

shrinks as the influence of vanadium’s smalleragatiameter increasingly dominates.

2.1: Lattice parameters for theh-Mo(V)O ; series as determined by Rietveld fitting

Sample H1% H2% a (H1) c (H1) a (H2) c (H2)
OVox

(6600) 75 25 10.5750(2) 3.7271(1) 10.6107(4 3.7281(3)
3Vox

(6702) 73 27 10.5735(2) 3.7231(1) 10.6221(4 3.7232(3)
5Vox

(6271) 76 24 10.5861(2) 3.7201(1) 10.6324(4 3.7193(3)
8Vox

(6697) 78 22 10.5791(1) 3.7120(1) 10.6189(4 3.7117(3)
11Vox

(6601) 80 20 10.5838(1) 3.7091(1) 10.6143(5 3.7095(3)

The observed difference in the cell parameter 6GA)0as well as the imperfect
Rietveld fit may be explained by a bicontinuousiat@n in the cell parameter
generated by slight inhomogeneieties in the crirgséastructure. This is likely to due
inhomogeneieties which originate from the poinihatleation. We see however that
the ‘c’ parameter provides us a better measurenefstatistical distribution of V
throughout the structure as the layer-layer distano the c-axis exhibit the same

trends in variation.

42



4000 — (a)

— Diffraction pattern - 8Vox
3000 - —— Rietveld calculated

— diff.
20004
1000

T T T

10 15 20 25 30 35 40 45 50 55 60

. b 3.734 C
10.63- ( ) ( )
HL
| Z(:;) 1 — E(HZ)

3.721

10.62

10.61

c A

10.60

a(A)

10.59- 3717

1058 \/\/ﬁ

10574— — — . 3.704— e — :
0 2 4 6 8 10 12 0 2 4 6 8 10 12
VI(V+Mo) V/(V+Mo)

Figure 2.7: (a) Rietveld refinement for 8Vox; (b) & parameter vs. V content as calculated
for the phases H1 and H2 (c) ‘c’ parameter vs. V atgent as calculated for the phases H1
and H2
As one would expect, the crystaline morphologytlué hexagonal oxides, seen in
Figure 2.8 2.8, is hexagonal prismatic. Increasuagadium content distorts the
crystal habit, tending towards flattened hexagaemgdtallites of a more polydisperse
nature. The nucleation-precipitation-aging growthtlee oxides results in spherical
polycrystallites ca. 100-1p0n in diameter with flat terminations and an obsdrve

decrease in packing density with increasing vamadiantent.
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Figure 2.8: Scanning electron micrographs of the heagonal oxides 0Vox, 3Vox, 8Vox &
11Vox.

This is in accordance with the physical attributésthe oxides, varying from the
denser, white, crystallinB-MoO3 to a yellow-orange for the doped materials. The
surface areas (see Table 2.2), as calculated bBtineauer-Emmet-Teller (BET)
isotherm from N adsorption, are uniformly low (< 1%g) with the exception of the
highest loaded oxide 11Vox, which is slightly higta 2 nf/g. This sample shows
evidence of vandadium saturation in the TG-DTA glahd the crystal morphology
exhibits some delamination and structural distadidrom the hexagonal geometry
which may account for the higher surface area.

We can conclude that we have a well-defined sefiesixed Mo/V oxide precursors.
These materials form the basis for this study @nstihuctural and mechanistic aspects
of the reduction-carburisation of Mo/V oxides.
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Table 2.2: Properties of the precursor oxides a-MoO; (Rox) h-MoO3; (0Vox), and h-MouxVxOs (3Vox—-11Vox)
2as determined by SEM-EDX
Pas determined by Rietveld refinement
Precursor ID Phase IntIeDrnaI V)/((\allwl?ﬁ/:ig)(ilk \)/(/zslfﬁ/l\i)e)é Lattice parametefs te?;(;ia;g?un@ BET s%face
100 100 a (R) c(A) h->a (°C) area (m/g)
Rox a-MoOs3 5201 - 0 - - - 1.6
OVox h-MoOs 6600 0 0 10.5750(2) 3.7271(1) 403 <1
3Vox h-Mo@-xVxO3 6702 4 2.7+0.3 10.5735(2 3.7231(1) 434 <1
SVox h-Mo@-xVxO3 6271 10 4.6+0.3 10.5861(2 3.7201(L) 452 11
8Vox h-Mo@-xVxO3 6697 15 8.4+1 10.5791(1 3.7119(1) 479 <1
11Vox h-Mo@-xVxO3 6601 20 11+0.5 10.5838(1 3.7091(1) 481 1.8

“as determined by thermo-gravimetric analysis




o

Table 2.3: Synthesis conditions and physical prop&es of resultant carbides Rc, OVc-11Vc.
2as calculated from a Pawley fit carried out using DPAS software
P As determined by EDX

°Lyo-IB — derived from Pawley refinement

. Lattice parametefs
Sample Precursor, Final (A) V/(V+Mo) | C theor.| C meas. Crystal BET Pore
name Int. ID D temp. Phase *100P (Oowiw) | (%owhw) size (m?g) volume
(K) a c (nm) (cclg)
Rc | 5661 Rox 1023 'z’r']oczé): 3.008(1)| 4.761(1) 0 5.89 - 6.3 71 -
ov Mo-C
(0)Y/¢; 6713 (6600) 1023 (hcp 3.007(1)| 4.778(1) 0 5.89 13.6 4.9 80 0.152
3Vc 6708 3V 1023 Mo.C 3.007(1)| 4.818(2) 2.7£0.7 5.97 14.1 3.8 99 0.139
(6702) (hcp - : (0. . : . .
5Vc 6704 oV 1023 MooC 3.006(1)| 4.797(2) 4.4+0.5 6.01 13.7 4.1 107 0.175
(6271) (hcp
8Vc 6703 8v 1023 Mo.C 3.004(1)| 4.786(2) 8.0+0.7 6.11 13.5 3.8 101 0.194
(6697) (hep) : : .0+0. : : : :
11v Mo,C
11Vc | 6701 (6601) 1023 (hcp 3.017(1)| 4.857(3) 11.3+1 6.18 13.2 3.3 97 0.184




2.3.2 Carburisation of hexagonal Mo/V oxides

In the case of all of the precursor oxides (Roxp®0V¥-11Vox) it was observed that
hexagonal3-Mo,C is obtained as a result of temperature-programmneeldction-
carburisation under #ACH, (Figure 2.9). The resulting carbides, preparedhéirt situ
cell of the X-ray diffractometer are referred tg Bg, 0Vc, 3Vc, 5Vc, 8V, 11Vand

the physical properties are outlined in Table 2.3.
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Figure 2.9: Normalised powder X-ray diffractogramsof the product carbides Rc, OVc —

11Vc measured at T = 25°C.
In Figure 2.10, the phase evolution of the preaunsmuction-carburisation is
illustrated by waterfall plots of the diffractionaglerns recordedn situ at 50°C
intervals. The reduction proceeds from the preaquosade structure ¢-MoOs, h-
MoOs) consecutively reducing to MoObetween 350-450°C and to the carbide
between 550-600 °C. From the plots it is obserhiead the temperature observed for
the initial reduction of theh-Mo(V)Os; precursors to Mo(V)® increases with

vanadium content.
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Figure 2.10: Evolution of in situ XRD patterns during the temperature programmed
reaction under He-H,-CH,. (&) Rox— Re; (b) OVox— 0Ve¢; (¢) 3Vox— 3Ve; (d) 5Vox—
5Vc; (e) 8Vox— 8Ve; (f) 11Vox— 11Vc.

In Figure 2.11, the diffraction patterns of thequnesor oxides are presented as a top-

down plot of Zvs. temperature with the normalised square rodhefintensity to

enhance peak visibility. From this plot it is evidéhat the stability of the oxides to

reduction increases with vanadium loading. At thésnperature resolution no

difference in the final carburisation temperatuseobserved, however, significant
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peak broadening is observed for the carburisatibna-d1oOz cf. h-MoO3z and
increasingly broad diffraction peaks are seen wlitipant vanadium concentration.
Analysis of the products physical properties isspreed in the next section.
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Figure 2.11: Contrast plot of the normalizedVIntensity vs. temperature over the phase
evolution of R, 1, 3 & 5 from MoG; — (M04011) — MoO, — Mo,C. The outlined areas

emphasise the observed phase changes in thido(V)O ; reduction-carburisation.

In the top-down plot (Figure 2.11) for O\leere is observed an intermediate phase not
observed for the other precursors. To determinen#itere of this intermediate phase
thein situ carburisation experiments were repeated with gsebfemperature of 25°C

to interpolate the data and provide an effectiv@dase in the time resolution. The
intermediate scan at T = 375°C is shown in Figule 2nd the unknown phase was
determined to be orthorhomhicMo40:1, which has also been observed by Cétoi

al. as an intermediate in the reduction-carburisatidnaostructurally similar

ammonium molybdaté®
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Figure 2.12: In situ XRD scan of h-MoOj; (OVox) TPR-carburisation at 375°C showing

intermediate 0-Mo 404, phase.
Formation of the closely related monoclinmie-Mo4O11 can be observed in the
reduction of a-MoO3 — Mo0O,, the first step in the industrial production of
molybdenum metal. The role ai-Mo040;1in this reaction was long believed to be as
an intermediate in the reduction of Mo— Mo which is thermodynamically
stabilised under certain conditions of temperaamd H partial pressuré® More
recently this has been disputed and it is demaestia separate studies to be a result
of the comproportionation ofa-MoOz and MoQ via an oxygen exchange

mechanisn¥’®*? |t was shown by Resslet al.that the reaction:
3Mo0O; + MO, — Mo40n1

occurs in reducing conditions at temperatures >°@28epending on the partial
pressure of K“ In the same study, an Arrhenius plot generateth feoseries of
isothermal reduction experiments gives two appassstivation energies for the
reduction depending on the temperature. At temperat> 425°C, the reduction
MoOs; — MoGQ; is observed to occur with apparent activation gnef 103kJ/mol.
Below 425°C the reduced activation energy of 34kl/isobserved. It was concluded

from this study that the activation energies cqroesled to the kinetic regime with
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and without the by-production of MO:1 respectively. This would imply that the
reduction of MQOs1t0 MoG; is kinetically more difficult than the direct rection of
MoO:s.

The question as to why M011is not usually observed in the reductionaeMoO;
(also not in this study) is addressed by L&ilkin a recent study of the kinetics. It is
proposed that the layered Me®&tructure is reduced in a topotactic reaction twCm
via a shear mechanism of the interlayer planeg-bfoOs. The resulting interfacial
boundary between the Mo(VI) and Mo(lV) may thenlagmde to the intermediate
Mo4Os1 given sufficient oxygen mobility. The thicknesstbfs interfacial layer (and
therefore the XRD visibility) is dependent upon #x¢éernal conditions.

2.3.3 Temperature-programmed reduction-carburisation

To obtain further understanding of the mechanigiicture in our system TPR-
carburisation profiles were obtained to determime dverall extent of reductiom.
This extent was calculated by integrating the totatgen which was observed to
evolve from the structure according to the overgliations:

MoOs + Hp — MO, + H,0 (1) T =300-500°C
2M0O; + CHy + 2H, — Mo,C + 440 (2) T >550°C

As well as HO, CO is observed to evolve during (2) from steaforming of CH
over the readily forming carbide via outgasse®HAdditionally, a small amount of
CO; is detected due the water-gas shift reaction:

CHs + H,0 — CO + 3H 3)
CO + HO — CO, + Hp (4)

The total oxygen content of the precursor systems galculated from the mass loss
observed for the oxides upon heating in syntheticca500°C (decomposed ta-
MoOs*) and derived from the stoichiometry Mo:© 1:3 (*V:O = 2:5) to give a
defined oxygen content for each sample. This was edrrelated against the observed
mass loss after reaction. The extent of reductioeagh point was determined by
integration of the total of the MS signals at m/A& & 28 which were normalised
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relative to the known CO concentration from the,@® detector. For simplicity CO
can be disregarded as it was found to contribut#<o the total oxygen evolved.

Increasing V
10 —=— OQVox
—e— 3Vox
Mo,0 . 5Vox
— 0.84  formation 8Vox
o
$ —o— 11Vox
o 0.6 1
—
I
N 0.4+
e
0.2+
0.0 /5

350 4(I)O | 4%0 | 5(|)O | 5|50
Temperature (T)
Figure 2.13: Temperature-programmed reduction-carbuisation profiles of the normalized
H,0 (m/z = 18) signal foh-Mo14\V«O3.
Figure 2.13 shows the evolution o3® (the only O-containing educt detected in the
initial reduction [1]) for the hexagonal oxide &=i In agreement with the situ
XRD study we observe an increase in the water peakigher temperatures with
increasing V content. Additionally, it is apparehiat at lower vanadium loadings
there are additional peaks which appear to beectléd the observed-Mo40;1
phase at 375-400°C. This peak disappears entielyheé 8Voxsample which also
presents the most uniform reduction peak. The 11%¥laws a slight shoulder at
higher temperatures (475-500°C) which may be rdldte the reduction of VO

moieties.

In Figure 2.14 the reduction profiles vs. tempamatat different heating rates are
contrasted for the-MoOs, 0Vox and 8Vox samples. Comparison of each reduction
profile at 1°C/min shows most clearly the influeradethe precursor structure on the
reduction kinetics. For the reduction @#fMoOs (Figure 2.14aan initial exponential

increase in reduction is observed between 375 2C125
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Figure 2.14: Extent of reduction vs. temperature atifferent heating rates for: (a) a-MoOg3,

(b) OVox and (c) 8Vox.
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This could be associated with an increase in negqcturface area, followed by an
almost linear reduction to MaOThis is in contrast to the OVosample (Figure 2.14b)
which exhibits an initial fast reduction to orthorhbic MaO; 1 between 350 — 400°C
followed by a relatively steep reduction curve to® which is almost complete by
425°C. The vanadium containing precursor 8\(bigure 2.14c) has a delayed onset
of reduction but is reduced smoothly to Mdé&tween 400 — 450°C. Increasing the
temperature rate in the case @MoOs; and OVox has the effect of distorting the
reduction curve to an overall exponential shapecwig most pronounced in the case
of a-MoOs but also observed for the 5°C/min heating rate \66X0 The vanadium
containing precursor 8Vox shows a delayed onsetdiiction but overall retains the
same curve shape with only slight distortion at &f€/min heating rate. The
distortion in the reduction curve for the higheshperature rate can thus be explained
as the delayed onset of oxygen mobility due to gama doping.

The second stage of reduction from MoO Mo.C is illustrated in Figure 2.15 which
compares the extent of reduction of the precurgates vs. temperature at a ramping
rate of 1°C/min over the temperature range 475 5°®7 Here we see that the
influence of vanadium is to retard the reductiorbaaisation process. Disregarding
the case of-MoO3z we can see from Figure 2.15b that the initial comgtion of
methane (m/z = 15), indicating the onset of carbooorporation, begins at
progressively higher temperatures ranging from &7&8% OVox to 595°C for 8Vox.
When we correlate these temperatures with the riatied) reduction curve of Figure
2.15a it is apparent that the carburisation prodees not begin at the completion of
the reduction Mo@— MoO,. The average oxidation state of the Mo can be g&ebr
~Mo0O; 33 which corresponds to M@, (or MaV0,.2Ma"O; or 2Md¥0,.Ma%). This
can be seen from the X-ray diffractograms in Figl2el0 and 2.11 that the crystalline
phase Mo@ persists until around this exact temperature raBgeause there are no
other crystalline phases observed, the implicatiointhis are that MY is coexisting
with a lower oxidation state of molybdenum suchnastallic M& or alternatively
‘Mo"O’ — a cubic oxide phase which has been observemia®-domains within
stabilising matrice§*“% Or alternatively, an intermediate oxidation stéféo'")
exists, such as that reported by Dawesl®”! To date there is very little support in
the literature for such an electronic state anghibuld be considered as merely

speculative without stronger evidence.
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Figure 2.15: (@) TPR-carburisation profiles at 1°Chin showing the reduction MoQ —
Mo,C. Extent of reduction is indicated on the y-axisNloO3z = 0%; MoO, = 33%; Mo,C =
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100%). (b): Consumption of CH, (m/z = 15) vs. temperature at 1°C/min. (c): Evolibn of

CO (IR signal) vs. temperature at 1°C/min. Note —ame data points are omitted for clarity.
Mo"O is discussed in the context of alkane isomedsatiatalysié® %' and is more
widely accepted as an intermediate oxidation st&tslo.% 5t However, from the
data at hand we cannot make further distinctiotoake true nature of this oxidation
state apart from the fact that it lies directly vibe¢n the disappearance of MoO
crystalline phase and emergence oh8lo

What is happening in the case ®@MoOQOsis less clear due to the complexity of its
reduction profile (Figure 2.16>-MoQOgzis known to incorporate hydrogen and form
bronzes as well as the so-called Magnéli phaseshwébme about through a shear
mechanism of reduction. From Figure 2.15 it appé&aas incorporation of carbon in
a-MoQO3 is at an earlier stage of reduction, however, frtme in situ XRD

diffractograms we also observe the persistencea®Mhase until 575-600°C.

In parallel with the removal of oxygen in the foohwater (egn. 2) is the observation
of CO which is formed via a complex reforming preedeqgn. 3) involving lattice
carbon substitution as demonstrated by GRéérnterestingly, as seen in Figure
2.15(c) formation of CO is observed at lower tenapges and is more pronounced
for the a-MoO;s cf. the hexagonal precursors. In all cases the pealbserved to
correlate with the completion of reduction (at whigoint the HO reforming source
is depleted). The CO peak area related to the T&Bucisation of a-MoOQOs is
considerably larger than those observed for thedpaxal precursor oxides implying
that the reforming reaction is more effectivelyatgsed. The exact reasons for this
relative increase and for the inclusion of carbblower temperaturesf. h-MoOs are
not speculated on here.

For all of the oxides in the step: Mp©G> Mo02C, there is an exponential increase in
reduction with temperature which is consistent vaithincrease in available reacting
surface area as reported by Gré&hAdditionally, it is seen that 0Vox and 3Vaxe
reduced to carbides more easily than 8Vox aridoOs;. These observations are in
accordance with the hypothesis that vanadium rexdtiee mobility of oxygen in the
structure and thus retards the removal of lattigggen and subsequently carbon

inclusion.
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2.3.4 Solid state kinetic analysis of TPR curves

The solid state kinetic analysis was carried outgighe following approaches:

. Integration and normalisation of the TPR-carbuitsatiata to determinex’

. Model-free analysis of the non-isothermal data gisinedmann and Ozawa-
Flynn-Wall methods to determine the conversion-delgat activation energy

. Derivation of the ‘generalised time’ using calcattactivation energies to
give an approximation fof/6y 5= t/ty 5

. Use of master plot methods to elucidate the reactmechanism by
comparison with the treated data

The reduction curves foa-MoQOs, h-MoOs; (0Vox), h-Mo0o97V0.030s3 (3Vox) andh-

Moo .92V0.0803 (BVOX) can be seen in Figure 2.16 in whick 1 corresponds to MG.

In the ideal case therefore we can detirre 0.33 for the case of the reduction:
MoOz; — MoO — 1)

And the carburisation is observed for 0.38 < 1:
MoO, — Mo,C — )

To picture these mechanistic steps we have canuethe model-free kinetic analysis
using a Friedmann analy@fé which is a multi-point analysis determined by pia}
log(do/dt) vs. 1/T at different iso-conversions for a garof heating ratesf]. The
specific advantage of this analysis is that theé géees not require a constant rate of
temperature change; this is of relevance becawsd@PiR measurements are carried
out using a temperature ramp followed by a platéauhe case of data obtained at
1°C/min, the oxide is entirely reduced by the fitexhperature — 675°C, however, at
the highest heating rate of 5°C/min, the reductarburisation is not complete until
sometime after the plateau. For these reasons vee use the Friedmann analysis if
we are to consider the entire reduction Mo© Mo,C and observe trends. From
Figure 2.17 we can see that the reduction of tifleodrombica-MoOs differs from
that of the hexagondi-MoOs-type oxides. The reduction of orthorhomlaioOs
has an initially low apparent activation energy ethgradually increases to a value of
~100 kJ/mol just before = 0.33.
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Figure 2.16: (a) Normalised MS signals (CO, §D) for the TPR-carburisation of oxide

precursors at 1°C/min. (b) Calculated extent of redction (a) for above conditions.

This is followed by an inflection point which in@ies the beginning of carburisation.
This analysis is consistent with previously repdrséudies such as those of Resster
al. and Lalik*>*? The Friedmann analysis of the hexagonal oxidesvstedifferent
picture. Here we see that the initial apparentwvatitn energy is high (> 100 kJ/mol)
and decreases rapidly at around= 0.1. From this we can conclude that for the

hexagonal oxides that there are at least two mestiasteps in the reduction MgO
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— MoO; which is further evidenced by the obsenseMo,0;1 phase seen in the
situ XRD.
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Figure 2.17: Friedmann analysis of TPR-carburisatio for a-MoO3, 0Vox, 3Vox & 8Vox

showing the two steps of reduction-carburisation —1) & (2).

As the concentration of vanadium increases we dan see that the apparent
activation energy for the carburisation step (2yemses. In the case lmiMoOs; the
apparent activation energy of carburisation is ~k@nol — close to that observed
for the orthorhombic oxide precursor. For the 3\ &V samples this is increased to
130 and 150 kJ/mol, respectively. It is also naathlat the activation energies for
reduction (1) and carburisation (2) become incredgiwell defined stepwise with
the addition of vanadium. In the case of the caslation of 8V we can see that the
there are three clear mechanistic steps and thatdtburisation is strongly separated

from the reduction.

Although these activation energies help to paimteghanistic picture we can see that
there is a considerable degree of error and if eesider the calculated energies we
must conclude that they are in some cases unredhlst= 0 kJ/mol). To improve the

accuracy of these measurements an alternative rregelystem called Ozawa-
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Flynn-Wall analysis was appliéd Ozawa-Flynn-Wall technique is a Multi-point
analysis which is determined by plotting log(dT/dt3. 1/T at different iso-
conversions. This technique requires a constanpeesture rate (dT/dt) and so we
redefine a new extent of reactioa’,, where a’ = 0.50a. In this way we define

fractional conversions for which the temperaturehianging in a constant manner.

1;/)(k.]/mol) a-MOO3 E/(kJ/mol) h-M003 . OVOX

100

0 0.2 04 0.6 08 10 0 0.2 04 0.6 0.8 10
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Figure 2.18: Ozawa-Flynn-Wall analysis of the TPR-&rburisation as in Figure 2.16. The

extent of reaction is redefined ast’ = 0.5 a which givesa’o.s— MoO;

We see for the Ozawa-Flynn-Wall analyses in Figre8 that we minimize the
related error and that the calculated activatioarges lie within a realistic range of
values. The general trends are similar to the Rrath analysis. We see a high
activation barrier for the reduction of the hexagloaxide h-MoOs; (~180 kJ/mol)
which decreases with vanadium concentration. Ingmbist, from these calculated

values we can try to apply the data to a kineticleto
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Table 2.4: Solid-state rate and integral expressiarfor different reaction modelst>*

Differential form

Integral form

Model (@) a() Notes
Pm — power law ma% a% m= 2,34
. 1 1
Am — Avrami-Erofeev m(1 — a)[-In(1 — a)|m [—In(1— )]m m= 2,34
. 1 1
R2 — contracting area 2(1 —a)2 1-(1-a)
. 1 1
R3 — contracting volume 3(1 — a)3 1—(1—a)s
Fm — mth-order reaction l1-a)™ m=20,1,2,3
D1 — one dimensional diffusion Zi a’
a
1
D2 — two dimensional diffusion - [—] (1-a)In(1 —a)) +a
In(1 — a)
2
D3 — three dimensional diffusion [3(1 B a)3]

(Jander equation)

D4 — three dimensional diffusion
(Ginstlinge Brounshtein equation)

[2(1 - a)%)]
3

2 - 73— )]

(11— a)3)?

1—<§>a—(1—a)§




Table 2.4 is an overview of some of the mathemlagogressions for the rate
parameters for different kinetic models of solidtstreaction§* These equations are
derived from geometric models which approximate ¢hange of reaction rate with
respect tax over time. The functionsd( and g¢) denote the differential and integral
forms, respectively, of these rate equations. Btiplg f(a)/f(aos) or g@)/g(0os)

vs. a, the resulting curves all overlap at= 0.5 and for the case of isothermal
experiments may be compared with measured kinetia df the form: tfts vs. a,

where t = reaction time.

In the case of non-isothermal experiments we cansetthe time of reaction but we
must derive an equivalent — ‘generalized time#2° Simply put, generalised time
is derived using the Arrhenius equation and is \ejant to the time of reaction at

infinite temperature. To do this we defiéas:

i =fg(T)dt

This gives us a new expression for the rate coh&andependent of temperature:
k = kog(T)
Having derived kwe define a function &) for the reaction rate:

da_

= = kof (@

Further mathematical treatment leads to the egualit

Although we cannot calculate the valueBodlirectly, it can be approximately related

to the function p(x) as follows:

i _ p(® _ i B
os P(X)os where, p(x) = X n(x) & x = E/RT
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Now, by using the apparent energies of activatmloutated by model-free techniques
we compare the reaction data to a suite of kimatcdels and make some hypotheses
with regards to the reaction mechanism.

12 LA L R R R A IR |
1 1Kpm #6697 - 8% V
10- 1Kpm #6702 - 3% V
1 1Kpm #8650 - 0% V
o &
ST
L35
D =
)
(@) 4_
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Figure 2.19: Comparison of rate data calculated usg ‘generalised time’ derived from
conversion-dependent activation energies deriveddm the Ozawa-Flynn and Wall analysis
for the reduction-carburisation of h-Mo(V)O 3 oxide precursors.

In Figure 2.19 the calculated rate data are congpagainst a suite of reaction models
(see Table 2.4). Note that the midpoints of thevewll intersect att = 0.5. From the
degree of mismatch we can see that our curve @sgnaith more than one
mechanistic step. If we assume that the M@&Jeduced via an intermediate M9g)
we know the initial reduction Mof— MoO; to be complete at = 0.66, so we have
a defined endpoint for the mechanism. By diffelamig the data above we can make
an accurate determination for the beginning of iechanism which is shown in
Figure 2.20 as the point at whichBtHp s)/da’ is > 1. Forh-MoOs; this mechanism is

found to bea = 0.26 and for the vanadium containing oxidesasviound to bex =
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0.32. Now we are free to redefine the extent oftiea so as to encompass only the

hypothesized mechanism: MeQ— MoO..

0.5

d(®/6_)/da’

Figure 2.20: Differentiated plot of Figure 2.19 shwing the beginning of the mechanism
MoO3., — MoO..
For the reaction we can now rescale our extergaxdtion,a’”:
0’ =0 - MoOsx  (x=0.39 forh-MoOs; x = 0.48 forh-Mo(V)O3
o’ =1 — MoO;
The resulting master plots can be seen in Figw# for the oxide series 0V, 3V and
8V. For all of the reductions the most appropriatedels are the diffusion models of
reaction. In the case 6FMoO3; andh-Mog 97V0.0203 the comparison to the diffusion
models is valid only foo”” < 0.5. For conversions abowe’ = 0.5 it is observed that
the model is not compatible. However, for the oxXidlog 92Vo.0803 (8VOX), the D3
model, or 3-dimensional diffusion model (Jan&®&s a close match. It is therefore

observed that the reaction mechanism is singulasadhe full range of O & < 1.

These findings imply that for theMoO3 (0Vox) andh-Mog 97V 00303 (3V0X) oxides,

the initial reduction step> M0oQO;, involves a more complex mechanism than we have
proposed. From the model-free analyses of actinagtivergy we could postulate that
this is in regards to an early onset of carbunsabr the formation less reducible
species which change the diffusional mechanisns phssibility is supported by the
TPR-carburisation spectra which shows a distoritiothe sigmoidal reduction curves

for OVox at higher heating rates 8> 1°C/min (Figure 2.14).
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Figure 2.21: Master plot comparisons of the tempetare-programmed reduction
(MoO3.x — M00O,) of h-Mo(V)O3 type oxides at various heating rates. (&)-MoO3 (0Vox);
(b) h-Mo.97V0.0403 (3VOX); () h-M0.92V 0.0603 (8VOX).
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2.3.5 Analysis of X-ray diffraction patterns

The carbide derived from theMoOs precursor,0V, exhibits a broadening of the
carbide peakf. the orthorhombic derived material. In the caseha& vanadium-
containing oxide$-Mo1xVxOs, it is observed that the subsequent carbide diféac
patterns are broadened significantly (Figure 2m8plying that the carbide crystallites
are smaller. Software analysis of tee situXRD data shows a trend in the particle
sizes of the as-synthesised carbides. Based onntbgral breadth, the volume-
weighted column heights vary from 6.3 nm for thiemence carbideR, to 3.3 nm for
the most highly substituted carbide(Table 2.3).

From software analysis of the final XRD patteins5 (Figure 2.10) a close fit faw-
Mo,C is achieved with a hexagonal space gro@es/(hmq using a Pawley
refinement with the addition of Mo metal as a mityoRietveld phase. In the case of
the referenc®, the Pawley indexed phase combined with a min®ityC; .« Rietveld
phase gives the most satisfactory fit. The assigrinoé minority phases in these
samples can be rationalised by considering thaihencase of molybdenum carbide
synthesised from orthorhombic MgQpretreatment of the oxide undep l¢ads to
bronze-like hydrogenation of the structure whiclsidbsequently carburised to the
less stable cubic MoG.P® This preconditioning occurs to some extent duregylar
carburisation of the orthorhombic oxide leadingtminority phase. In the case of the
hexagonal oxides this minority phase is not obskrve

As the diffraction peaks of the carbides are exéfgnbroad, the cell parameters
obtained from the diffraction patterns do not shaveystematic trend as did the
oxides, but it can be seen that there is no evelefcrystalline VOyor VC. Further
evidence for a homogenous solid solution is presenh a later section as
demonstrated by elemental mapping using energydit TEM.

2.3.6 Carbon determination

CHN analysis of the carbides shows an excess dfonamwith respect to the

theoretical values calculated for stoichiometrigMTable 2.3). The excess carbon is
due to the synthetic conditions applied in thesitu XRD cell in which the materials

are formed. These applied conditions were derivedctnsideration of the ideal

synthesis conditions by Leet al®® combined with consideration of the
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diffractometer cell and combined analytics. Theult#sy dilution of the feed gas
decreased the partial pressure of hydrogen, negutti significant C deposition over
the course of the synthesis.

2.3.7 Surface area, porosity and microstructure of the srdting

carbides
The samples were found to exhibit relatively higinface areas (Table 2.3), ranging
from 71nf/g for the orthorhombic derived material and 8@mfor the undoped
carbide OVc up to a maximum of 107%m for 5Vc. This is in contrast to the
systematic trend observed in crystallite size est@n by the volume-weighted
average column height (L-1B) seen in Table 2.3 but may be explained by sl
of the N isotherms in conjunction with the morphologieserved in SEM. The full
adsorption-desorption isotherms indicate an inanghsmesoporous character of the
carbide materials with increasing total pore volumea maximum of ~0.19 cify for
8Vc (Figure 2.22). The Nsorption isotherms are consistent with an irregplare
structure and the occurrence of slit pores. Thiseolation is consistent with the
morphological features seen in the scanning electranicrographs (
Figure 2.23). It can be seen that the isothermdvevrom a purely Type |lli
adsorption isotherm (polydisperse pore sizes, stardi with slit-micropores) in the
case of OVc to Type IV (tighter pore size distribnf more regular mesoporous
character) in the case of 8Vc. The peak in caledlaurface area could be attributable
to the contributions of microporous and mesopoheracter which is maximised in
sample 5Vc.

The mesoporosity evolves with increasing vanadiomt@nt and results in a material
with an average pore diameter of between 40-50idufe 2.22). Such mesoporosity
is highly relevant to the use of materials in hegeneous catalysis because it allows
for reactants to be transported to, and produdtetransported from, the active sites

of the catalyst.
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Figure 2.22: Above: comparison of N adsorption-desorption isotherms for samples 0Vc —

11Vc. Below: BJH (Barett-Joyner-Halenda) approximaion of pore size distributions for

samples OVc — 11Vc.

The SEM images of the as-synthesised carbides stmowteresting morphological
trend. With increasing vanadium content, it is olsé that the morphology evolves
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from that of an agglomerated-particulate matewwahtdensely packed nano-fibrous
material with visible mesoporosity (Figure 2.2).

The apparent fibers propagate lengthwise alongcthris relative to the original
parent oxide crystals. To this extent pseudomonplissevident in the preservation of
the overall hexagonal prismatic structure obsemete parent oxide species.

Figure 2.23: SEM images of the carburised materialRc, 0Vc-11Vc
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With increasing V content, it is observed in theMskmagery that the carbides
present an evolved mesoporosity, which originatesmfa smaller, more organised
morphology comprised of nanocrystalline carbidee Tiber-like nature becomes
increasingly dense with a trend towards a finer arwale regular morphology. With
reference to the temperature-programmed reductondcisation profiles presented
in Figures 2.13-2.15, sample 8Vc, which exhibits thost uniform mesoporosity as
seen in the Bphysisorption isotherms, is characterised by tlearatst reduction
profile. The trend is observed towards increasingsoporosity with decreasing
formation of intermediate-Mo40O,1. It is hypothesised that the kinetic ‘interference
of Mo suboxide formation is linked to sintering aagigregation of particles in what is
otherwise described as the topotactic reductiotMoD; — MoO,.*! There are
conflicting reports of the topotactic/pseudomorphature of this reductiofy, 5" %
however, these are not incommensurable with meshrendiscussed in the literature,
which are highly dependent on the applied conditioand mass transport

limitations 140: 43 5. €01

Characterisation of the intermediately doped sarBpMe by Transmission Electron
Microscopy is consistent with the morphology obsdray SEM. Figure 2.24 shows a
HR-TEM image of the high-aspect ratio crystalliteghich make up the fibrous
bundles observed in the SEM (Figure 2.23). The hoagnification image in Figure
2.25 is a micrograph of 8Vc taken in HAADF-STEM neofdhigh angle annular dark
field-scanning transmission electron microscopy)icwhshows a homogenous
distribution of the elements Mo, V and C throughtli¢ observed sample. The
observed oxygen content is due to the passivatiocegdure.

70



Figure 2.24: TEM image of 8Vc with low magnificatian image (inset top right) and spot
diffraction pattem applied over a large area (ins¢ bottom right).

200 nm

Figure 2.25: STEM-HAADF image of 8Vc combined withEDX-elemental maps for V, Mo,

C and O showing a statistical distribution of elemats within the sample.

Of particular interest in the TEM study was the ervation that the spot diffraction
pattern of the parent polycrystallite exhibits acelar pattern of elongated spots,

indicating that the co-formed carbide particleséhpveserved crystallographic order
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and exhibit preferential orientation. This retentiof crystallographic order is not
observed in carbides derived from undopelloOs or from the carburisation af-
MoOs. In previous studies, a range of Mo-containingl@xmaterials have been used
as precursors to mono- and polymetallic carbidasa reductive carburisation. These
include a-MoO3,®! MoOHy,P® (NH,)sM070,4.4H,0 °8 and mixed metal oxides of
the form MO (M = Mo/V/Nb/Ta/W)™!?! Topotaxy is reported in the case of the
mixed metal oxide precursors, and also, in the aafs¢he reduced oxyhydride
(MoOyHy), the reaction under methane proceeds topotdgtitalthe cubic carbide
phase MoGy with no observed intermediate phases. Dependinghenreaction
conditions used it is observed in many cases that reaction products show
pronounced pseudomorphism.

2.3.8 Upscaled synthesis of (MQVy).C

The up-scaled synthesis of (Mg/x).C materials was carried out using a series of
oxide precursors analagous to that used fomtlsgtu XRD study. A summary of the
properties is given in Table 2.5. It can be seemfthe BET surface areas of the as-
synthesised carbides that a similar trend is oleskfor the carbides synthesised in the
rotary furnace with the lowest being the Mo-onlyngde (8425).

Figure 2.26: SEM micrographs of (Ma.xV).C.
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Notably, the maximum temperature used for the ®githis 75°C lower than that
used in then situ XRD study. This was done to reduce carbon depaosdiaring the

later stages of synthesis and by direct compansitimn Table 2.3 it is demonstrated
that the carbides exhibit a stoichiometry much elo® MaC. The discrepancy
between the stoichiometric value and the measuake\above likely originates from

the passivation procedure during which surfaceaarb oxidised to CQ

Table 2.5: Physical properties of (M@.xV).C materials synthesised in the rotary furnace.
#As determined by SEM-EDX

PCalculated column height from X-ray diffractogram refinement

Final Crysta
Int. Precurso V/(V+Mo) Ctheor. C meas. ) BET
Sample temp. Phase a : : | size’ >
ID ) r ID (Yow/w)  (Yow/w) (nm) (m</g)
Mo,C
1 8425 675 6600 0.00 5.89 5.2 7.1 69
(hcp)
Mo,C
2 8478 675 (hep) 6702 0.03 5.97 5.2 6.4 11d
3 8447 675 '}Ah%zg 7911 0.08 6.01 5.1 55 106
4 8486 675 MooC 6601 0.11 6.11 5.3 - 97
(hcp)

In the SEM images shown Figure 2.26 can be seepn siarilar features to those
observed for then situ study. In the top right, the spherical aggregagdkects the
microstructure of the precipitated crystallite mteof the precursor oxides. In the
case of the highest V loading (#8486), surfaceimigigan be seen for the image in
bottom right. In general the mesostructure as deted by N adsorption and SEM

reflect in every way the syntheses carried oumalsscale in thén situ XRD.

TEM data from (M@.92V0.05)2C is shown in Figure 2.27. The SAED patterns are in
agreement with the powder XRD and there is alséeprrtial orientation observed
with a visible fault observed along the (100) plane
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Figure 2.27: (above) SAED of spot showingcp Mo,C structure for (Mo ¢.92Vo.092C (8447);
(below) HR-TEM image showing individual crystallites with observed slip plane.

2.4 Discussion

In comparing and contrasting the carburisationadfloOs and varioush-Mo(V)Os
type oxides we observe a number of differencesh\Wktspect to the reduction-
carburisation ol-MoOsthe measured TPR curves along with the model-freetik
analysis support a complex mechanism whereby istrgathe temperature of
reduction increases the apparent activation endérggas shown by Resslet al. that
the comproportionation reaction to monoclimeMo4O;1is observed at these higher
temperature$” This phenomenon may be explained as the oxygemnfiag
mobilised in the oxide lattice above a critical fmature. Above this temperature the
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lattice may assume locally more stable configuretithrough the formation of shear
structures. The layere@MoO:s is initially reduced via facile transport of theygen

from the interlayer spacings of the oxide forming/gen vacancies which lead to a
slipping of the planes and reoxidation of the vaees by parallel terminal oxygen

groups.

Figure 2.28: View ofa-MoO3; looking down the (100) plane at the interlayer spangs.

Increasing the temperature drives the fast recoctsin of the oxide to form a
monoclinic suboxide which, depending upon react@mditions (mass-transport
limitations) may form a bulk crystalline phase,alternatively is formed as a micro-
domain of corner-linked Mo octahedra at the reacfront. The calculated apparent
activation energies in Figure 2.17 & 2.18 refldust as the conversion increases the

mechanism is changing, which also accounts forge ldegree of observed error.

The reduction-carburisation d-Mo(V)Os-type oxides appears to mechanistically
different to that of the orthorhombic oxide. Thesniot surprising because in this case
the structure is 3-dimensional oxidic lattice inigfhall oxygen atoms are connected
to at least two molybdenum atoms (Figure 2.5). ifilit@al reduction step is observed

to have the highest apparent activation energy«280 kJ/mol) which is because the
oxide lattice has no low-energy mechanism by whicmay be reduced. Initial

removal of oxygen results in destabilisation of tngstal structure. The temperature
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of reduction increases with increasing vanadiumtexanwhich reflects the increased
intrinsic stability of the V-doped materials. Due the presence of cations in the
hexagonal channels-MoOs is non-stoichiometric with respect to Mo in order
compensate the charge in the crystal resulting imae correct formula of:
(NH2)1-M0s0mMoO18-x-y Hs-2yx2* By substituting Mo for V, the number of
crystallographic vacancies (metal) in the structdexreases, resulting in a more
stable material.

More interesting to note is the general trend kivation energies for the-Mo(V)O3
series. The initial activation energy of reduct@aiculated foh-MoQOs is higher than
those calculated for the Mo/V precursors, while thetivation energy for the
reduction step Moy — MoO, is lower (Figure 2.18). In thén situ XRD, an
intermediate phase{Mo04011) is only observed foh-MoOs, however, we can see
from the TPR profiles that the Mo/V oxides also reha complex mechanism.
Without further evidence it is difficult to spectdaon the reason for the differences in

initial activation energy.

A possible explanation for these observations lsted to the oxygen mobility in the
oxide lattices. The effect which is then observeith whe structural inclusion of
vanadium is to reduce the mobility of the oxygertha sublattice thereby increasing
the energy required to reduce the oxide. The maoplolic nature of the vanadium
serves to create strongly bound V=0 moieties wHKiadktically hinder the reduction

process.

The carburisation step MeG- Mo,C is seen to increase in activation energy with
the inclusion of vanadium (Figure 2.17). This phaeaon can be explained in two
ways. The first is by similar argumentation as aawxophilic vanadium moieties
reduce the mobility of oxygen out of the latticésaaresisting the ingress of carbon,
thereby kinetically hindering the carbide formatidnother explanation is that the
reduced Mo/V oxide lacks sufficient metallic chdaeacto decompose GHand
thereby incorporate carbon. It is well known that® is a metallic oxide which has
electron density at the Fermi edge. For a carlndeet formed the reacting species
must be metallic which is not common for transitioetal oxides, even in a reduced

form.
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In either case we observed that in the cask-Miby92V0.0803 the reduction step —
MoO3; — MoO, — is completed entirely before the formation of tarbide. This is

most clearly seen in the comparison of mastergftgire 2.21) which show that the
reduction proceeds via a 3-dimensional diffusiomachanism. This case is also
supported by the TPR profiles (Figure 2.15) whitlow that in the V-free oxides,

CH, is consumed at an earlier stage of the reaction.

2.5 Summary

Reductive carburisation of a mixed metal oxide dase hexagonal Mogesulted in
bimetallic carbides with a novel high aspect-ratitesostructure and ordered
crystallographic nature. The Mo/V precursor oxidaswsynthesised by a simple
precipitation reaction and the carburisation resctivas observed using situ
powder XRD technique. This was contrasted to the-tRrburisation ob-MoOsand

it was observed that all precursors were reducadaQ, as an intermediate phase.
The kinetics of reduction for the precursor oxide=e investigated yielding insight
into the mechanism of reduction. The observed TRRil@s were in agreement with
the findings of Ressler and Lalik and suggest thatmobility of atomic oxygen in
the lattice is affected by the inclusion of vanadias a dopant. It is unclear as to

whether it is as a structural inhibition to the qgoportionation reaction:
3MoO; + MO, — Mo40n1

or a more fundamental electronic effect which ig trigin of this observation.
However, it was observed that vanadium inclusiosulted in a sharper, single
reduction peak that was correlated with a moreoumfevolved mesoporosity in the
product carbide.

The use of multi-metal oxides as precursors fobidas is a largely unexplored area
of transition metal carbide chemistry. In particutaoffers interesting possibilities to
produce tailored carbides with novel material proeg, higher surface areas, and/or
improved catalytic selectivity and performance. §dgoals can be achieved by either
doping of bulk carbides with more active metalbpichoosing precursor oxides with
structural properties that influence the carbidedpict. The relatively high surface
area of this material and the inclusion of vanadatoms in the structure provide a

basis for the investigation of a number of indadlfriuseful reactions.
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In this chapter we also present a methodologytfersiynthesis and characterisation of
air-sensitive refractory materials produced by dsetate reaction in various gas
atmospheres at elevated temperatures. The scalsgnipesis of high surface area
molybdenum carbide as characterised by XRD, CHNyaisa N>-sorption, SEM,
TEM, Raman spectroscopy (Chapter 4) and XPS (Chaptas presented as an
example. This technique allows us to use the naddedirectly in catalytic reactions
without pre-treatment, providing the opportunity tharacterise the materials
extensively prior to reaction. This contributesaor understanding of the surface-

structure-relations with catalytic activity.
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Chapter 3: Reactivity of propane over Mo/V carbides I:

Catalytic reactivity and temperature programmed stulies

3.1 Abstract

In this chapter, mixed molybdenum-vanadium carlod&alysts are studied in the
activation of propane. The catalysts were testemipfug flow reactor under reducing
conditions to maintain the phase composition, amel influence of temperature,
surface oxidation, vanadium content and surfacbatadeposition are observed on

the reaction network.

In the presence of #HCsHg, Mo/V carbides are shown to catalyse the dehyadragen
of propane to propylene with a selectivity that m@ezhes 50%, as well as carrying
out the hydrogenolysis of propane to £ahd GHg on an apparently distinct catalytic
site. Addition of HO or CQ as an oxidant to the feed greatly increases thid ynd
selectivity of the dehydrogenation reaction (S $609@nd introduces products from
the dry/steam reforming of propane and reverse rwgte shift. Vanadium was
observed to reduce the stability of the carbidexwlation; in the case of a0 a-
MoOs, and in the case of & and CQ, to MoG. In the activation of propane,
vanadium increases the apparent activation enesgydéhydrogenation and for

hydrogenolysis.

In a separate study into the reverse water-gas refai€tion, M@C is found to be an
efficient catalyst for the hydrogenation of €®@ith high selectivity to CO (> 90%).
The reaction went to equilibrium conversion evenat high space velocities over a
range of temperatures (GHSV > 200000, 500°C < 06°Q).

In the temperature-programmed reactiom-®flo1-xVxO3 precursor oxide materials in
H»>-C3Hg it was observed that the catalysts were reducddettcc a-MoC, .« carbide

with evidence of carbon inclusion at lower tempamré than observed for TPRC in
H,-CH, mixtures. On reduction, the catalytic activity wabserved to increase
dramatically and selectivity evolved with temperatmirroring the reduction state of

the oxide.
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3.2 Introduction

Selective oxidation, or oxyfunctionalisation, okahes is an area that has long been
of interest in catalysis for reasons of energycéfficy and potential cost savinysin
recent years this interest has gained momentumaamdmber of technologies are
applied industrially or are in development (Tabld)® There are a number of
motivating factors for this increased focus busiprimarily dependent on the price
and availability of raw materials. The increasingridwide demand for consumer
goods, combined with dwindling oil reserves, nettats a reduced focus on the use
of crude oil as a substrate material and increasamgideration of energy costs. These
factors, combined with the development of environtakpolicy and legislation, have
driven industry and academia to find innovativeusiohs for the chemical demands

of a growing populace.

Table 3.1: Technologies for the oxidative transforration of light alkanes (C1-C6Y’

Raw material  Product Stage of development
Methane Methanol Pilot plant

Methane Syngas Pilot plant
Methane Ethylene Pilot plant

Ethane 1,2-Dichloroethane,vinyl chloride Pilot plan

Ethane Acetaldehyde Research

Ethane Acetic acid Research

Ethane Ethylene Research

Propane Acrolein, acrylic acid Research

Propane Propyl alcohol Research

Propane Acrylonitrile Demonstrative plant
Propane Propylene Research
n-Butane Acetic acid Industrial

n-Butane Maleic anhydride Industrial

n-Butane Butadiene Industrial, abandoned
Isobutane Methacrylic acid Pilot plant
Isobutane Isobutene Research
Isobutane t-Butyl alcohol Research
n-Pentane Phthalic anhydride Research
Cyclohexane Cyclohexanol,cyclohexanone Industrial
Cyclohexane Cyclohexanone Research

Transition metal oxide-based systems are a hugepoitant class of materials in
selective oxidation reactions due to their abildyundergo reduction oxidation cycles
required for the dynamic exchange of electrons,wall as perform hydrogen
abstraction and oxygen insertion. Molybdenum andadaum form the basis for a
number of mixed metal oxide (MMO) catalysts, whishunsurprising when one

considers the electronic flexibility of the elemgnwith varying formal oxidation
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states of up to VI and V respectively. Molybdenuaséd oxides in particular are
widely used in selective oxidation reactions dudhi@r facile reducibility and high
oxygen mobility, which can be tuned for selectieaativity through the addition of
dopants and by the use of ternary (or quaternaigeqphase¥;”!

In industrial scale reactions these catalysts algest to a wide range of conditions
that can vary considerably in chemical potenti@mposition and temperatufé.

From an extensive body of research, it is recognibat these influences control the
oxidation state at the surface and subsequently ptiiese composition of the

catalyst®®

MMO surface with
high oxygen
potential

. MMO surface with

<= low oxygen

potential

Figure 3.1: lllustration of a partial oxidation reactor operating at high oxygen conversion

It is demonstrated in the literature regarding ipardxidation reactions that the
conversion of oxygen in fixed bed reactors resut& strongly varying profile of
reactive atmosphere along the direction of gas .#®wW! Under conditions of total
oxygen consumption, it is evident that the gas mi@te of the atmosphere will
become reducing (Figure 3.1). However, this phemmneis widely ignored in
studies that cite partial oxygen conversion in otdeemain in a regime whereby the
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reaction kinetics may be analysed by conventioredms. Several studies by Siregv
al. and others point to the persistent presence ofdggth (not commonly measured
in catalytic studies) in reactions in which onlyriiel conversion of oxygen is
demonstrate#?#! These studies and others suggest that the coomehtkinetic
models that integrate over the entire reactor ateatways able to account for the
observed species in these reactions. These eHeetmitigated by diligent practice
and operation within a differential regime, takimjo account the effects of mass
transport limitation and heat transf&. However, on a mesoscopic scale, highly
exothermic total oxidation reactions in the oftechr mixtures applied may
hypothetically result in the generation of tranfienreduced surface species.
Depending on the extent of such phenomena, it cbaleéxpected that non-typical
reaction products/selectivities are observed inréaetion. Currently there is a gulf
between understanding the study of model catalygtems and the operation of
high-performance catalysts operating at equilibriuconversion in industrial

conditions.

3.2.1 Motivation

The selective oxidation of propane to acrylic a@da process that involves the
insertion of two oxygen atoms and transfer of egattrons. The molybdenum-based
catalyst; MoVNDbTeQ, specifically the crystalline phase ‘M1’, is cahsied to be the
most active and selective catalyst discovered tefal”! Mechanistic details of the
reaction are unclear, but it is believed to oceuriconcerted mechanism via the
initial dehydrogenation of propane to propEﬁbThe structural complexity of this
catalyst is evident in Figure 3.2 in which a sectaf the a-b plane of M1 catalyst is
shown. The M1 catalyst is a metastable-layeredeogiducture comprising edge and
corner sharing octahedral motifs to form a quasitgiit cell with six- and seven-
sided channels extending through the c-axis. The\W& Nb occupy the octahedral
and pentagonal-bipyramidal oxygen-coordinated sitee Te sits exclusively in the
channels of the structure. In general, it is obs@hat this structure is integral to the
high performance of the catalyst, however, it gomted that the surface composition
is indeed dynamic under the applied reaction cardit®! and that the surface of the
catalyst can be reversibly degraded and restoeed self-healing proce&d!

86



Figure 3.2: Detail of MoV(Nb)TeOx - M1 structure asviewed down the c-axis. Coloured
octahedrons represent non-equivalent metal positiemn Nb preferentially occupies

pentagonal-bipyramidal sites; Te is preferentiallybound asymmetrically in the hexagonal

channels (yellow)?!

Many proposed kinetic models for the partial oxmiatof propane to acrylic acid do
not fit the observed product selectivities andiaaglequate to explain various features
such as the high ratio of CO:GGn the byproduct streafff! In the absence of
secondary phases, it can only be assumed thatt&i aites are generated within the
composition of the catalyst depending on the champotential at the surface.
Hydrothermally synthesized M1 catalyst is highhficdnt and the exothermic
generation of acrylic acid, propene and carbonesat the catalytic surface results in
a cascade effect, with the rapid removal of mokcokygen from the local vicinity

and the generation of heat.

Depending on the validity of the various proposedction schemes involving either
Langmuir-Hinshelwood, Eley-Rideal or Mars-van Krdevetype mechanisn&’ the

surface chemical potential may be reduced via tlabstraction of oxygen by carbon
or by the starvation of bulk oxygen replenishmémtthis case, the oxygen diffusion
and reducibility of the surface will be dictated blye chemical and structural

composition of the oxide.
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3.2.2 Experimental goals and approach

In Chapter 2, the complex molybddieMo;_yVxOswas presented as a precursor for
TPR-carburisation to bimetallic carbide. Here weesent vanadium-substituted
molybdenum carbide, (MaV«)2.C as a model for a highly-reduced MoVTe catalyst.
As can be seen in Figure 3.3 the structure of thecyssor h-MoO; bears a
resemblance to the M1 structure (Figure 3.2) it thay are both channeled oxide
structures with needle-like morphologies and flagrminating a-b planes.
Molybdenum may be incrementally substituted in skreicture by vanadium thereby
allowing for the comparison of variable chemicalmguosition on the observed
reactivity. Furthermore, because the chemistry of®/lis now widely studied, there
exist a number of studies detailing the synthestgjctural characterization and

catalytic propertie§*2°!

Figure 3.3: Representation of h-MoQ complex molybdate structure as viewed down the c-
axis. Channels are partially occupied by stabilisip mono-cationic species from: Nj K*,

Rb*, NH,", H;0"2"%! Molybdenum may be substituted by vanadium up to 1% (metal

basis)0-32

The reaction conditions widely applied for the stlee oxidation of propane over
Mo-based catalysts are a mixture of 2:1 oxygen-amep(ca. 10%) in ca. 40% steam
with the remaining 50% H carried out at temperatures between 350-43*C.
However, to study the reactions of propane ovedaced oxide or carbide catalyst, it
is necessary to modify the conditions so as to ta@m stable phase composition.
Within this adapted regime, the roles of tempemturxidant (/CO,/H,O) and
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vanadium concentration are explored with respetitécmbserved reactivity and phase
stability.

The stated experimental goals are to:

» explore and understand the reactivity of propantherMaC surface

» observe the influence of surface oxidation on daetivity of GHs

» contrast the reactivity of drysEs over MaC with co-fed steam or GO

» apply the bimetallic system (MQVy).C with varyingx to determine the
influence of vanadium on the reactivity

» determine the influence of dopant vanadium in alwoed TPR-surface

carburisation in catalytically relevant conditions.

3.2.3 Previous studies on M&

In the literature, the reactions of alkane subssratver MgeC (hcp) and MoG.x
catalysts can generally be grouped into 3 categjomeethane activation (C1),
dehydrogenation (C3, C4) and isomerisation (C5)- C8

3.2.3.1 Methane activation — C1

The reforming reactions of GHyver M@C are highly relevant to the activation of
higher alkanes because they serve as a fundanmeodi&l for the surface interactions
of carbon containing gases as well as CO,,Gand HO.

Partial oxidation of methane (POM):

CHi+1/2Q ¢> CO +2H —  AH%g3=-38 kImof
Dry methane reforming (DMR):

CHy+ CO, &> 2CO + 2H —  AH%g5= 247 kImot
Steam methane reforming (SMR):

CH, + H,0 ¢> CO + 3H —  AH%g5= 206 kImot

Mo,C was first demonstrated by Great al. to effectively catalyse methane
reforming in POM, DMR and SMR conditiof$3®! The activities observed were
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reported to be comparable with those reporteddpperted Ir and Ru catalysts! It
was also claimed that the molybdenum carbide suffeduced deactivation from
coke depositiorcf. commercial Ni catalysts due to an increased kinle#rrier to
carbon depositioR®! There are two competing mechanisms for the foomatf
synthesis gas over carbides — the first is a redeghanism and the second is a noble
metal-type mechanism. In the redox mechanism (sHoelow for the case of DMR)
the oxidant (C@ is dissociatively chemisorbed on the surface hef tarbide to
produce CO and atomic oxygen (O*) which subsequertimbines with carbidic
carbon in the surface and is evolved as CO leaaingcancy ). The vacancy may
either react with an oxidant or capture C* from thecomposition of ClHon the

surface.
CHy; ¢ C*+ H;
CO, ¢ CO+0O¢
Mo,C + O* < Mooo +CO
Mooo + O* - - MoOy
Mooo + C* - MoxC
The alternative noble metal-like mechanism is deis:
CHys ¢ C* + 2H,
CO, ¢ CO+0¢
O*+C*-> CO

The redox mechanism is supported by labelf&H, isotope experiments carried out
by Thomsonet al that show the surface carbon readily undergoehasmge at
reaction temperatures (> 500°¢Y. Similar labelling experiments by Xiaet al
confirm that*CO is observed in POM, implying a scrambling ofbcar atoms
commensurate with the redox mechanf&hin the case of DMR, a kinetic model
was proposed by Thomsehal which supports a cycling mechani§.
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This mechanism depends on the dynamic equilibridfnthe surface with the gas
phase; the oxycarbide interface is thermodynanyicakintained with the exchange
of carbon and oxygen species. For the cases of RBMRSMR the overall equilibria
can be represented respectively*3ds:

Mo,C + 5CQ < 2MoG; + 6CO

Mo,C + 5H0 < 2Mo0O;, + CO + 5h
Additionally, the non-reversible carburisation:

MoO; + 5CH; — Mo,C + 4CO + 10H

A series of studies by LaMoet al show that for the cases of SMR and DMR, bulk
Mo,C catalyst is stable in stoichiometric feeds atvaled pressures (> 8 bar)
following reductive sintering and pretreatment@@°C. 7 3%-41]

The non-oxidative reactivity of C4bn various molybdenum surfaces (Mo, MoO
MoOs, Mo,C (hcp), and MoG. (fcc)) in bulk and supported systems, was reported by
Solymosiet al®*?! Over a pre-reduced M6 catalyst it was observed that initial
conversion of CH at 700°C was between 6-8%, dropping significanththin
minutes on stream. The primary product observedhydsogen and to a lesser extent
ethane is observed to evolve after time on stre&&imilar results were obtained by
Oshikawaet al. over a series of carbide catalysts with varyimgctiral feature4?!
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Figure 3.4: Behaviour of methane with time on strea over Mo,C at 700°C — reprinted

from [*2 with permission from Elsevier.
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Dehydroaromatisation of various alkanes, primaoilyCH, to benzene, is reported
for MoCx species supported on the zeolite ZSM25*°3 The interaction of both
phases has been shown to be necessary for thetiomma aromatics via the
dissociative adsorption of GHbver MoG clusters, followed by oligomerisation on
the Bpnsted acid sites of the HZSMLE!

Both the examples of methane decomposition and dltehyomatisation provide

strong evidence that molybdenum carbides are deitamaterials for reactions

involving C-H bond activation. In the case of £Hecomposition, this results in

almost immediate deactivation via carbon depositidowever in the compound

system MoG/ZSM-5, this rapid decomposition is harnessed tvipge a feedstock of

carbon to the acidic zeolite catalyst, which cortggdehe aromatisation. This example
of a dynamic system is relevant to the formatiorafsient reduced sites, which are
subsequently reoxidised resulting in a complexlgtesystem.

3.2.3.2 Dehydrogenation reactions

The dehydrogenation of light alkanes over bulk aogported molybdenum carbide
and oxycarbide is reported for ethatf&propan&? % and butan&%°% A relatively
low number of studies concerning this topic reBettte difficulty involved in these
reactions, which are characterised by deactivattomplex reaction networks, and
the the dynamic nature of the carbide surface.

Dehydrogenation of ethane in the presence of G(presented by Solymost al
over the temperature range 550-700°C using aQVRiO; catalyst>* At conversions
of around 10%, the selectivity to ethylene is h{g0-90%). With temperature, the
conversion increases exponentially with increasisglectivity to both the
hydrogenolysis and ethane reforming products. Ilb@sely hypothesised that the
dehydrogenation is carried out on an ‘oxycarbide’ gia ‘activated oxygen’ attack at
the ethane to form ethylene and water. There iBumence provided.

In a series of more rigorous studies, Solyneaisal. present the dehydrogenation of
propane over bulk and supported 4@owith and without the influence of G2 >t

is observed that in dry feed conditions over bulko®], the dominant reaction product
is propylene (S = 44% @ 600°C) with secondary petslof methane and ethylene.
The supported catalyst MG/SIO; is reported to show higher selectivity to propglen
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under similar conditions. It is worth noting thaetinitial selectivity to propylene of
the silica supported catalyst preparedsitu is zero, increasing with time on stream.
This is in contrast to the passivated bulk catalygtich is initially selective to

propylene.

The reactions of butane over molybdenum oxycarbadalyst have been extensively
studied by Ledouset al.®® 8 ¢Hwho describe a carbon-modified Mp®@xycarbide’
phase that is selective to C4 olefin products feeal of H/C4H10/H>0. Reduction of
the steam partial pressure leads to reduction ef dkycarbide and increasing
selectivity to hydrogenolysis. Also of note in th®rk is that reduced MoQs also
tested in the dehydrogenation of n-butane and fdwndhow low conversion and
selectivity to dehydrogenation products compared thie active oxycarbide phase.

A comparative study by Thompsat al. contrasts the relative product selectivities
towards dehydrogenation, isomerisation and hydrolgsis in n-butane activation
over the group V and VI transition metal carbidesl anitrides. For MeC, the
selectivity distribution given as relative reactiorates to dehydrogenation,
isomerisation and hydrogenolysis are 1300, 91 &®l imol/gs respectively. This
initially appears incommensurate with the claims.edlouxet al. However, the TPR-
carburization is to 600°C for 15 minutes and hye@rogretreatment carried out at
480°C. Under these conditions the carburisationngmplete and bulk oxygen,
which is mobilised under the reaction conditiond| form an oxycarbide overlayer.
In this study, it is observed also that the vanadaarbide and nitride materials were

100% selective for the dehydrogenation of n-butane.

3.2.3.3 Isomerisation reactions — C5-C8

The isomerisation of alkanes over transition metabides was first observed by
Levy and Boudart for 2,2-dimethylpropane over agstan carbide surfad®!
Subsequently, a number of studies have been petlisbncerning the isomerisation
of alkanes over reduced, carbon-modified molybdewatalystd®® ¢ The wealth

of findings for these isomerisation reactions leastb some debate over the nature of

the active site for isomerisation.

In an early paper, Ho#t al.proposed a mechanism involving Mas the active site.
In this mechanism the reaction proceeds via a taetale intermediate to a carbene-
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olefin, resulting in bond shift migratid?! This was contested as it required the metal
to present two active sites, one selective to hyelnolysis and one selective to
isomerisation, which was not supported in the data.
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Figure 3.5: Metallacyclobutane intermediate mechasm of heptane isomerisation —

reprinted from [®°! with permission from the American Chemical Society
Iglesiaet al.present a cooperative mechanism in a study of@enggodified tungsten
carbide catalyst&1® |t is assumed that WGites activate C-C and C-H bonds and
WOy sites act as Brgnsted acidic sites which catdlyséormation of carbenium-ions
for bond-shift reactions. These findings are juedifoy NH adsorption experiments
combined with the observation that a metallacydaba intermediate mechanism
(Figure 3.5) is inconsistent with the low sele¢yivior propylene metathesis reactions
on WC/O.

This assertion is contrasted by the findings irelaes of studies by Ledouwst al. on
oxygen-modified MeC catalystd®® 8870 84The authors reject ME as unselective
and propose the existence of a crystallographich$iinct oxycarbide phase selective
for isomerisatiod’®! Contrary to Iglesiat al, the metallacyclobutane mechanism is
put forward, supported by an analysis of the prodistribution®®® In this theory, the
absence of cyclic products is cited as being duthéoenhanced carbon deposition,

also a cause of deactivation. The presence ofcagiidis is not discussed.

In an ongoing contribution to the discussion, Magte al. present an electronic
argument for a bifunctional catalﬁ?('. 311t is claimed that the electron rich metal
centre M’ is the active site for initial dehydrogenation ahdt M-G* fixates the

atomic hydrogen thus forming a Brgnsted acidic M&®H. However, M’ as an
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active species is generally refuted in the litenateven by Maire’s own co-authors it
would appeaf® nonetheless the fundamental mechanism has merit.

In separate studies by Matsifd&® &'and Torres-Garciat al’® ™ a metallic MoO
species distinct from Mb is proposed as the active site for isomerisafidetsudaet

al. demonstrate the presence of Brgnsted acidityeduced MoQ® catalysts and
suggest that the incorporation of flom reduction combines to form the M-OH sites
responsible for isomerisation, while broadly spatmgy on the presence of metallic
Mo or Mo suboxide for initial dehydrogenation. Theselaborated by Torres-Garcia
et al in a study combining theoretical calculations g@mdctice. It is claimed that a
stoichiometric MoCOfcc phase, which is predicted by quantum chemicalutations,
can be observed in the XRD and TEM data. It is sgpd that this stabilised phase is
formedin situ upon reduction and that it is the oxycarbide phhaeis identified by
Ledoux et al in previous studie$? The nature of the carbon species is further
discussed with reference to electron energy logstepscopy (EELS), Raman and
TPO data, and is concluded to be adventitious.catelytic results are not discussed.

The conditions applied for alkane isomerisation -3} vary between 200-400°C
and at pressures from 1-20 bar in the presencgdybgen.

3.2.3.4 Other reactions of note — metathesis and RWGS

As well as the reactions of alkanes over.tMoO,Cy surfaces, it is worthwhile to
note in the literature some further studies regatothe proposed research.

McBreenet al.and Tysoeet al. discuss in separate studies the surface interectd
light olefins over MeC®®°? and reduced Mod®1%surfaces respectively.

McBreenet al. show the formation and stability of alkene metathasites on MgC

by dissociative adsorption of carbonyl species dMerto form an oxo-alkylidene
surface complexHigure 3.6). As well as the cyclopentylidene functionalisedeity
shown here, it is demonstrated that various carbepgcies dissociate to form a
highly stable (< 623°C) alkylidene functionalisadface that can undergo metathesis
cycles in propylene. The observed surface specidscygcled reaction products are
consistent with the Chauvin mechani8ffi.1%!1t is speculated by the authors, with
respect to the low temperature metathesis readtian the trace quantities of acetone
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and acetaldehyde seen to evolve during the indugpi@riod of propene metathesis are
formed by a selective oxidation of the propene gpneably via MVK mechanism),
and these species subsequently generate the atBveia the previously described
oxidative additior*°®!

a
~ e ),
_ Y T-300 K °N

77N —— oM —— | s Mo
§-Mo,C (1)

b
W”é A’qy\[ébiﬁ" /j\o (@)

Figure 3.6: (a) lllustration of carbonyl bond scis®n to form a surface oxo-alkylidene
complex on Mo2C. (b) Complementary organometallic mchanism for a tungsten complex.

Reprinted from 8% with permission from Elsevier.

Tysoe et al. provide a complementary vision oftliglkanes on Mo metal and MQO
(x < 3) surfaces that is more focused on the cttglyoperties of the surface than the
exact mechanism of formation. By use of UV-photoetn (UPS) and temperature-
programmed desorption (TPD) spectroscopies it iswshthat ethylene adsorbs
dissociatively on an O-modified Mo(100) surfacefeem surface carbenes. These
carbenes can react with adsorbed hydrogen to foethyhspecies and subsequently
desorb as methane. It is shown that the rate-fignistep for this reaction is the
hydrogenation of the methyl group with apparenivatibn energy of 97 kJ/mol.

The interactions of the C2-4 olefins with varioustpdified Mo surfaces are studied
by TPDS of the adsorbed molecules from 80 — 80@Ks lobserved that at low
oxygen coverage, the surface is highly active t€ Gend scission and subsequent
CH, formation (Figure 3.7) for 2-butene and propylebet not for ethylene. With
increasing oxygen coverage the methane yield is sea@lecrease for butylene, and
conversely increase for ethylene and propylenertmaimum at ca. 0.6ML. At 1ML
oxygen coverage the evolution of methane is noenlesl but instead the olefins are
observed to adsorb and desorb molecularly.
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Figure 3.7: (left) methane yield from low temperatue desorption experiments versus
oxygen coverage over Mo(100). (Right) - observedaembinative hydrocarbon formation
over oxygen modified Mo(100). Metathesis activitysi defined as the rate of ethylene and
butene formation — reprinted from 7 with permission from the American Chemical
Society.
In their conclusions, the authors propose threlbvpays for the reactions of olefins on
oxygen-modified Mo: they react to form alkanes;rthally decompose to form
carbon and hydrogen; or dissociatively decomposéotm carbene species. The
carbene species were said to react via two differ@cthanisms depending upon the
temperature: at low temperatures (> 377°C) via aau@im-type metathesis
mechanism with low activation energy; and at higltemperatures via the
recombination of carbene fragments at the surfaggh (apparent £ This has been
erroneously termed ‘high-temperature metathesid’ ibumore closely related to
Fischer-Tropsch chemistry. As a more general desen it will be refered to here as
recombinative hydrocarbon formation. To explain taeiation in methane yield for
the different olefins, it is suggested that the Cb@nd dissociation probability
increases in the order ethylene < propylene < 2vmitand that the observed (sl
the result of hydrogenation of the carbene fragséritowing the decomposition on
the surface.

An alternative explanation for these observatiensut forward here: It is proposed in
a theoretical study by Zhoet al that the dehydrogenation of ¢Hver reduced Mo

catalysts to form a surface Glpecies is thermodynamically favoured over methyl
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formation due to the formation ofot®! This would suggest that these species play a
key role in carbide formation and are strongly btmthe molybdenum atom. This is
shown by McBreert al in which carbene species persist on the surfaddoaC to
temperatures ca. 900K. The dissociative formatie@cmanism of surface carbenes
from olefins is demonstrated for metallic molybenimnearlier papers from Tysé]é??'

19 however, upon TPD of ethylene on Mo(100) themoi®bservation of Ci

A schematic diagram representing an oxygen-modWMedsurface with ML = 0, 0.5,
and 1 is presented in Figure 3.8. The formatioswface alkylidenes over metallic
Mo (a) is proposed to result in strongly bound seexplainable through back
donation of 4d electron density into the unoccupgedtates of the Fischer-type
carbene species. With increasing oxygen coverayjeh@ density of states at the
Fermi edge is reduced and the carbene speciessisteongly bound to the surface,
therefore able to recombine with H atoms abstrafrted the surface decomposition
of olefins to carbonaceous residue. At higher cager(c), the adsorption of olefins at
low temperatures is non-dissociative and resulteadnCH, evolution (Figure 3.7).
Therefore the origin of methane in the absence xyfgen is only observed for
propylene and butene because they contain satualigldgroups that decompose on
the metallic surface and subsequently desorb as @¥¢r 0.5ML, the mechanism is a
combination of alkyl group decomposition and cadbercombination and therefore is
observed for ethylene as well. This increased nighitould also account for the
recombinative hydrocarbon formation mechanism oleser

A small number of studies have investigated théability of Mo,C for water-gas
shift reaction$!” 1% |n a theoretical (DFT) study into WGS over varioM®,C
surfaces by Rodrigueet al®! it is concluded that carbon- and molybdenum-
terminated MeC are less reactive than Cu surface (in that orded) that O-Mo-
Mo.C is the worst catalyst. However, O-C-Mo terminatéabC is calculated to have
a higher relative rate than that for Cu(111). Thsissupported in the finding of
Thompsonet al, who report stable activity (48h) for WGS over Mowhich is
greater than that of a commercial Cu-zn-Al cataf?&t*® The preparation detailed

is also consistent with an oxygen-rich carbide phas

98



(a) ML = O; bound carbene species, highly active surface

\/\ + HCH, (propene)
NS A + HCH, (2-butene)

R R
<§ i—i} 2 = CH, CH, CH;H
+

POOPOCTOEE

(b) ML = 0.5; mobile carbene species, less active surface
+ H,CH, (ethylene)
DN + HCH, + H,CH, (propene)
NS A + HCH, + H,CH, (2-butene)

+ metathesis products

Figure 3.8: A schematic diagram of olefin TPD ovepbxygen-modified Mo: (a) Dissociative
formation of M=CH , species over metallic Mo combined with C-C and C-Hbond scission.
CH, is formed from alkyl chains; (b) formation of lesstightly bound M- --:CH; species with
surface recombination and CH formation — most active recombinative surface; (cat low
temperatures over MoO surface, non-dissociative adgption-desorption.
For the case of RWGS, there are surprisingly favdiss that have concentrated on
this reaction alone. Only one DFT study by Nagaal discusses C{hydrogenation
over Mo,C using a cluster model of MG,.!*Y This study predicted the preferential
formation of CO and D over the cluster, and that the adsorbed,; Qs
preferentially hydrogenated to CO and OH speciahanfirst step. The conclusions

referred to experimental corroboration which wasdegailed.

Two catalytic studies by Suzukt al. approach RWGS over Mo-based catalysts. In
the first paper MogZnO and NiO/ZnO catalysts are compared for RWGS.:ih
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COzH; conditions as well as excess €8B! The MoQ in contrast to the NiO
supported catalyst shows 100% selectivity to CO rmmdletectable carbon formation
but lower overall conversion. Following a more mgos pre-reduction it was
observed that the MoQratalyst was also able to operate at equilibriamversion
(GHSV = 3000 H). The second paper by Suzui al presents a comparison of
supported MoSand WS with supported Fe, Co, and %! The activity for selective
hydrogenation of C®to CO was not as high as those observed for thieaBdition
metals but with 100% selectivity to CO. It was absed that the sulfides had a
preferential affinity for H rather than C@

3.3 Experimental

The experimental setup design is based around @ fdw-type reactor which
consists of a gas delivery system connected toastzjW-tube reactor whereby the
effluent gas is analysed by gas chromatography.apparatus was designed to fulfill
a range of requirements and was constructed as l&purpose reactor for the
analysis of light hydrocarbon reactions over saatalysts. Further experimental
constraints at times required the design of spesibilutions which are discussed in
this section. The plug flow reactor system wasgtesil as a multi-purpose reactor for
the partial oxidation of light hydrocarbons and b&nseen in Figure 3.9.

Although the particular details of each experimeaty, some standard procedures
were followed for the preparation of samples andlie reaction conditions applied.

General experimental procedures are given laténinsection. These reference the
loading of solid catalyst in the reactor, catalytienditions and subsequent data

retrieval and analysis.
3.3.1 Experimental setup

3.3.1.1 U-tube catalytic reactor and furnace design

The U-tube catalytic reactor was custom designeldfaricated from two sections of
6mm OD SiQ tubing by Glasblaserei Mdualler in  Adlershof (
Figure 3.10). The reactor is fritless for cleanipgrposes and the catalyst is
sandwiched between two SiC beds, the bottom of lwkkcprevented from flow-
through by a plug of Si©wool sitting on the internal shoulder. The geomeit the
reactor is optimized for a top-down flow wherebye theactant gases are rapidly
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purged in the narrow outlet (ID = 1 mm) to redube tinfluence of gas phase
reactions. The ID of the reactor at the catalysl is 4mm and the experimentally
determined isothermal zone over the temperaturger@d0-700°C was determined to
be 30 mm (x 0.5°C), 40 mm (£ 1°C) and > 50 mm (€R°All experiments were

carried out within the smallest isothermal range @&5°C) - see
Figure 3.10).
T/C
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Figure 3.9: Graphical layout of the ‘Taniwha’ catalytic reactor system.

The heating furnace was adapted from a horizonediftube furnace from Carbolite
with a temperature range < 900°C. The heating argksurrounding insulation were
separated and mounted vertically on a crafted Wibkeceramic fibre stuffing used to
prevent downwards heat loss. The heating is cdettdly a Eurotherm 2416 PID
controller via a solid-state relay and internal @y thermocouple. The U-tube
reactor mentioned earlier was mounted in the fuienabe by way of a machined
ceramic sleeve, which also served to prevent h@atwithin the tube.

The temperature at the catalyst bed was measuned ashermocouple introduced
via a custom made T-junction on the tube adaptemperature data from this
thermocouple was recorded to the PC using a Pi¢elogerature logging system.
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Figure 3.10: Schematic diagram of U-tube reactor @t to scale) with temperature profile

mapped over catalyst bed (yellow). Temperature — 40C; 100 sccm He.

For some experiments it was required for the catéty be introduced to the reactor
without contact with the atmosphere or alternagiveimoved from the reactor to the
glovebox directly. To facilitate this, a bypassugetvas fabricated using a 4-way
valve that allowed for the facile transfer of te@ctor under inert conditions.

3.3.1.2 Gas delivery system

The basic layout of the gas delivery system isqaresd in Figure 3.9. Pressurisegl N
H,, O, and He were obtained from a centralised gas sufgiystfalen; > 99.995%
purity). GHs (Westfalen; > 99.95%), CQWestfalen; > 99.995%), and proofgas
(CH4/H2, Westfalen; > 99.995%), were obtained from botiklegt in a dedicated gas
storage cabinet. All gases, with the exception atewsteam, which was obtained by
vapour-liquid saturation, were moderated by theafgaass flow controllers (MFCs)
from Bronkhorst. The MFCs were operated via a P€rface and calibrated by 10-

point calibration using a bubble-film flow meteoin Horiba.

All gas supply lines were 1/8” stainless steel #relgas mixing manifold was purged
preferentially with inert Mto reduce dead volume. Water-steam was introdtecéte
pre-mixed gas feed by introducing the feed to agkaturator filled with bidistilled
water via a 4-way Valco valve. The volume of wattram in the gas feed was
controlled by a thermostat (Haake) to raise or lowes water temperature and
therefore vapour pressure in the saturator. Thetdgeperature of the outlet vapour
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is monitored by a thermocouple logging device frBmolog and in the range 20-
70°C was found to deviate < +0.1°C.

The reactor is operated in an online/bypass moarigin a 4-way Valco valve and
the gas connection to the Si@bing using Ultratorr fittings from Swagelok. Aftthe

reactor the outlet gas line is directed throughsrapling loops connected to the GC.

To prevent water condensation in the gas streaenrahctor and bypass valves are
contained within a heating oven (Heraeus) and #wliges from the saturator outlet
and outlet to the GC are heated.

3.3.1.3 Product analytics

The gas analytics are carried out by GC (Agilera®@&ising a method developed for
the (oxy) dehydrogenation of propane. The outlet igdlowed continuously through
the sampling loops atop the GC and automaticallgpded by a series of pneumatic
valves that divert the educt gas through the colunihe gas analysis is carried out
using both a flame ionisation detector (FID) andharmal conductivity detector
(TCD) in parallel. The FID is used to detect flanbieagases (hydrocarbons, organic
molecules) while the TCD detects permanent gas@s, (G, N, CO, HO).

3.3.2 Experimental procedure

The preparation of solid samples for catalyticitestvas carried out with reference to
Chapter 9 of thélandbook of Heterogeneous Cataly&té Materials to be subjected
to catalytic conditions were pressed and sievedite fractions 250 <« < 355um
before reaction. These values are deemed to bénwitk limit with respect to the
avoidance of tunneling or axial temperature/conegion gradients in the reactor
w.r.t. the ID. An exception was made for materiabst were transferred directly from
the glovebox, which were tested as loose powddicatbide materials used in this
study were obtained via TPR-carburisation in aryofarnace as described in Chapter
2. In some cases, the materials were passivatedsaftithesis and for other cases the
materials were used directly with aid of air-freanisfer devices and glovebox work.

An overview of the catalyst materials is given mble 3.2.

Catalytic reactions over the carbides were camedin all cases by ramping to the
operating temperature while flowing2N20 sccm) over the catalyst. At operating
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temperature a bypass valve was switched exposigatalyst to reaction atmosphere
at temperature while initiating a GC run sequenice.this manner, the initial

conversion was recorded with respect to time omastt In the case of the
temperature programmed catalytic reaction dvdfo;.xVxOs3 precursor oxides, the

temperature was gradually ramped (0.5°C/min) unerction conditions. The

temperature in the catalyst bed was monitored byexernal thermocouple via

Picolog PC interface.

All space velocities are given as weight hourlycgpeelocities calculated as:

mln

flow (m)

WHSV (ml/gh) = St (@)

The calculation of product yield, selectivities aratbon balance was carried out as
follows: the total outflow of each component wased@ined by normalizing with the
N2 signal. Secondly, the flow of carbonaceous comptmeas converted to total

carbon flow. The conversioxwas calculated as:

_ Xcarbon flow of products (umolC/min )

Y. total carbon flow (umolC/min )

Carbon-based selectivity to educt molecules wasngas:

_ selected product carbon (umolC/min )

Y total product carbon (umolC /min )
Carbon balance was calculated with reference tbypass measurement:

Y total product carbon

Carbon Balance =
bypass total carbon

All rates are normalised to the mass of catalydtfan convenience are calculated as

pmol C min‘g™.

In the case of steady-state experiments, appactmation energies were determined
by plotting the natural logarithm of the rate agaithe reciprocal temperature {K
The apparent activation energy was then calcutedrding to the formula:

E,
Ink = Ind — —
RT
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Where the slope is given by:
] _ E
slope = R
(R = 8.314 Jmotk™)

Note: In any case, when discussing ‘initial coniersthe term is used to mean the
conversion that is observed over a fresh catabga.

Table 3.2: (Mo1-xVx)2C catalysts used in the catgic studies

Internal Phase BET XRD - C

Catalyst ID (XRD) V/(Mo+V) Pretreatment (m°g?) size (hm) wt.%

Mo.C 8524 MeC 0 Passivated 63 6.7 7.1

Mo2C 9450 MoC 0 Passivated 10 8 52
(MoV).C 8754 MaC 0.11 Passivated 54 6.5 5.3

Mo.C 8425 MoC 0 Glovebox 69 7.1 5.2
(MoV),C 8478 MaC 0.03 Glovebox 110 6.4 5.2
(MoV),C 8447 MaC 0.08 Glovebox 106 55 5.1
(MoV),C 8486 MaC 0.11 Glovebox 97 - 5.3

3.3.3 Notes on catalyst characterisation

Standard characterisation of post-catalytic materiaas carried out by the following

techniques:

. Powder XRD to determine crystalline phase compositi

. N2 physisorption for surface area and pore sizeibligion

. CHN analysis and Raman spectroscopy to determit@acontent

The details of these techniques can be found irexiperimental section of Chapter 2
with the exception of Raman spectroscopy whichissussed in Chapter 4. Further
in-depth characterisation and postmortem analyslisb& presented in Chapter 4,

which deals with surface characterisation and ragct
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3.4 Results

3.4.1 Dehydrogenation vs. oxydehydrogenation vs. steam

dehydrogenation
Investigative reactions into dehydrogenation, oxydeogenation and steam-
dehydrogenation over MG were carried out over bulk MG synthesised by TPRC
method in the UTP II rotating furnace reactor dibsct in Chapter 2 and detailed in
Table 3.2. All reactions were carried out over 2§50 Mo,C mixed 1:1 (wt.%) with
SIC (sieve fraction 250-3%%n) with a total flow of 40 sccm giving a WHSV of B2
mig’h®. The concentration of s was kept constant at 10%. In the case of
dehydrogenation, the balance was (Bl0%). For steam dehydrogenation 10% water-
steam was added to the feed with idilance (80%). For oxydehydrogenation, 3.5%
oxygen was added to the feed with bllance (86.5%). Reactions conditions and
details are outlined Table 3.3 below.

For each set of conditions the reaction was repeattn 3 different pretreatments of
the passivated catalyst

. No pre-treatment (passivated carbide)
. Reduction @500°C for 2 hours (20 sccr) H
. Reduction @675°C for 2 hours (20 sccr) H

Initial rates of propene formation observed forahditions were subject to strong
deactivation over the first two hours (Figure 3.1le corresponding conversion of
propane dropped tp < 0.5% in the case of ODH and DH, however, it whserved

to approach a steady statexof 2% for the steam containing feed.

For the reaction of propane in inert atmosphemgu(e 3.11a), it was observed that
the initial rate of propene formation decreased vpte-reduction temperature and
deactivation was achieved more quickly. Post-amalgg XRD reveals that thg-
Mo2C phase is retained. Similar propene formationsrate observed in the case of
ODH. The initial conversion is relatively high (c25% for passivated ME) with
low selectivity to GHg and high selectivity to CQ After 3 hours on stream further

deactivation occurs and the conversion approactres z

106



207 2001 (a)
Post DH reaction
- 150 (Mo,C - #8614)
o
<
€
T
O 101
©
€
3
IS
e
0 T T T T T 1
00:00 02:00 04:00 06:00
time / hhimm
209 1000 ( )
Post DH reaction
. &0 (MoO, - #8554)
o
£
IS
ICO
O 104
©
IS
3
2
@
0 T T T T T 1
00:00 02:00 04:00 06:00
time / hh:imm
60
o (©)
Post DH reaction
- 504 (Mo,C/MoO, - #8557)
o
£
£ 40+
I
O 304
©
IS
3 204
D
©
10
O T T T T T 1
00:00 02:00 04:00 06:00

time / hh:mm

Figure 3.11: Propylene formation rates for:o = no pre-reduction,A = 500°C pre-reduction,
o = 675°C pre-reduction. Conditions, (a) inert condions, (b) O, addition, (c) steam addion.
Inset: post-mortem powder XRD of the catalyst (find patterns are the same for different

pre-treatments).
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Table 3.3: Comparison of MaC (#8524) in: dehydrogenation, oxidatative dehydrognation, and steam-dehydrogenation of propane witlaarying pre-
treatment conditions.

Internal Mo/ V/ Pre- Post
Catalyst ID Phase (Mo+V) (Mo+V) treatment Temperature C3Hg/O,/H,O/N, ID XRD
Mo,C 8524  MqgC 100 0 no 500°C 10/0/0/90 8614 Mo
Mo,C 8525 MgC 100 0 500°C 500°C 10/0/0/90 8615 Jd@o
Mo,C 8526 MqgC 100 0 675°C 500°C 10/0/0/90 8616 Jd@o

a_
Mo,C 8527 MgC 100 0 no 500°C 10/3.5/0/86.5 8554 Mo00s
a_
Mo,C 8528 MqgC 100 0 500°C 500°C 10/3.5/0/86.5 8555M00;
MOOZ
Mo,C 8529 MqgC 100 0 675°C 500°C 10/3.5/0/86.5 8556 **
M02C/
Mo,C 8530 MgeC 100 0 no 500°C 10/0/10/80 8557 MoO;
M02C/
Mo,C 8531 MgC 100 0 500°C 500°C 10/0/10/80 8558 MoO,
M02C/

Mo,C 8532 MaC 100 0 675°C 500°C 10/0/10/80 8613Mo0O;




Analyses of post-reaction products reveal totatation of MeC to a-MoOs. It is
also observed that increasing the temperaturedoicte®n leads to faster deactivation.
The steam-DH reactions show a much higher inimenfation rate of propenef.
ODH and DH. The lowest is observed for Mopre-reduced at 675°C, however, all
formation rates approach a similar value after 4irhoon stream. Conversion of
propane approaches a steady state value of 2%5dfteurs on stream. XRD analyses
of the catalysts after reaction show that the®ds partially transformed to MO

with time on stream.

3.4.2 Propane activation in H

3.4.2.1 Comparison of passivated vs. freshly carburised enels

To determine the influence of surface oxygen pasisim on the initial reactivity, two
catalysts were compared under the same conditassivated MgC (#9450) and
freshly prepared MeC (#8425) were tested at WHSV = 5000 g under the
reaction conditions: §Hg = 25%, H = 55%, N = 20% at T = 500°C for 24 hours.

The reaction of propane over molybdenum carbidéherabsence of oxygen gives
primarily a mixture of C1-C3 products withsEs resulting as the principal product
over time. In Figure 4.11 the initial conversiordaselectivities for passivated (#9450)
and unpassivated (#8425) Mbat T = 500°C are shown. For the most part, tiidsC
conversion, formation rates and selectivities agey \similar. Initial conversion in
both cases is relatively high (> 40%), droppingangntially over time to ca. 2.5%
for both reactions after 4 hours on stream. The &t GHg formation sharply
increases in the first minutes on stream, but etiser remains constant at 12-14
pumolg'min®. The change in conversion is due the initially hhigelectivity to
hydrogenolysis decreasing with time on stream. tho rior S(GH4)/S(CHy) = 0.5 is
observed with time on stream, but in the case efpissivated carbide, it is initially
seen S(€Hg) > S(CHy). In this case, the selectivity to Glhitially increases. Another
difference observed for the passivated,Maf. unpassivated is the initial formation
of CO observed for the passivated material, whidagpears after ca. 1 hour on

stream. It can be observed that the pattern oftpaty to CO in this time is mirrored
by S(CHy).
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Figure 3.12: Activation of propane carried out at ®0°C with WHSV = 5000 ml g'h™* over
fresh Mo,C (#8425, transferred from glovebox) and passivatello,C (#9450).
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Table 3.4: Propane dehydrogenation (HC3Hg/N,) over different (Mo1.4V).C catalysts — influence of vanadium content and tengrature

Internal Cinitial V/ WHSV Cafter

Catalyst ID Phase (%) (Mo+V) Pretreatment T/°C (migth?)  CsHg/Ho/N2 PostlID XRD (%)
Mo,C 8425 MeC 5.2 0 Glovebox 500°C 5000 25/55/20 10935 .00 8.8
Mo,C 8425 MeC 5.2 0 Glovebox 550°C 5000 25/55/20 11004 ,0lo0 9.3
(MoV),C 8478 MeC 5.2 3 Glovebox 500°C 5000 25/55/20 9751 LNlo 8.4
(MoV),C 8478 MeC 5.2 3 Glovebox 550°C 5000 25/55/20 11006 .®lo 10.6
(MoV),C 8447 MeC 5.1 8 Glovebox 500°C 5000 25/55/20 10980 .0lo0 7.4
(MoV),C 8447 MeC 5.1 8 Glovebox 550°C 5000 25/55/20 10996 0o 9.7
(MoV),C 8486 MeC 53 11 Glovebox 500°C 5000 25/55/20 9752 .@lo 5.9
(MoV),C 8486 MeC 53 11 Glovebox 550°C 5000 25/55/20 11034 .,®o 9.0




3.4.2.2 Influence of V content and temperature

The reactivity of a series of four Mo-V carbidealgsts was studied for the activation
of propane in a hydrogen-rich environment. To pné¢veontamination of surface
oxygen the materials were transferred under argom the glovebox to the reactor.
The carbides were synthesised by temperature-progeal reduction-carburisation as
detailed in Chapter 3 and are detailed in TableBll4eactions were carried out over
225mg of (Ma-xVy).C with a total flow of 19 sccm giving a WHSV of G000 mlg
!, The concentration of {8z was 25%, with KW = 55% and the balance was N
(20%). For each catalyst, the initial conversiorswaeasured at T = 500°C, 550°C.
Additionally, after observing initial conversions the highest temperature, a steady
state conversion was approached and the temperaisrearied between 400°C and

600°C to determine the apparent activation enegfiesach reaction component.

The effect of vanadium substitution on the catalgthnversion of propane in i\,
atmosphere at 550°C is illustrated in Figure 3laJigure 3.13(a), the initigd(CsHs)

is shown to rise with increasing vanadium contdie rate of GHe formation is
initially higher for #8486 and #8447 (the two high®/ loadings), but over time the
formation rates converge to 7 pmolg'min® For sake of clarity, only S(C#H and
S(GHg)are shown in Figure 3.13(b). The samples with éighanadium loadings
show higher S(Ck) cf. Mo2C. It is also shown that the increase in S{CH at the
expense of S(§Hs).

Counter intuitively, increasing the temperature lths effect of decreasing the
conversion. In Figure 3.14, the initial exponentiatrease in conversion is observed
for all conditions, but for T = 500°G¢"™%(CsHs) > 20% for both (Mo/\)C and MoC,
whereas at T = 550°C(""%(CsHs) ~ 10-15%. Due to experimental constraints, it is not
possible to measure the instantaneous conversipreeisely t = 0, and the nature of
the deactivation must be inferred from the datanzoavailable. Inset in Figure
3.14(a) shows the rate oglds formation over time is higher at lower temperatamel
does not exhibit the same ‘deactivation’ that isered at 550°C.
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With increasing temperature it is also observed tha ratio of the hydrogenolysis
products changes (Figure 3.14(c)). At 500°C SB/S(CH) =~ 0.4-0.5 which
decreases te 0.15 at 550°C.

Comparison of the steady-state catalyst behavioudiigure 3.15 shows some slight
trends. The apparent activation energies for thev&sion of propane increase with
vanadium concentration from ca. 99110 kJmot. This is reflected in the increasing
apparent activation energy observed for propenmdtion (80— 90 kJmot'). The
apparent activation energy for GFbrmation is relatively high (135-145 kJrmdlbut
does not appear to be correlated with the vanadiomtent of the catalyst. The
apparent §CH,) is derived from the Arrhenius plots in the rari§®-600°C. Below
500°C the plots deviate from linearity.

3.4.2.1 Variation of space velocity

In order to determine the dependence of the reagii@ducts on space velocity,
comparative measurements were taken at steadyestaversion over Mg (450mg,
#9450, Table 3.3) at 500°C. The sample was recigdlin situ by ramping to 675°C
@5°C/min and holding for 1 hour before cooling éaction temperature undep.N
Initial conversion was measured at a WHSV = 500§ it until it was determined
that the conversion was at steady-state. CatalgBasurements were recorded at
1250, 2500, and 5000 mtp™.

By varying the space velocity over the Mb catalyst at steady-state conditions
(Figure 3.19) it can be observed which reactiors iaterdependent. Increasing the
space velocity from 1250 to 5000 leads to a doghbdihthe rate of hydrogenolysis
(CH4 and GHg), but only a marginal increase in the rate of dibgenation. This
implies that the production of 38s has an element of dependency upon the
hydrogenolysis reaction and is preferentially caned with respect to 4Eis.

The selectivity-conversion plot (Figure 3.16(b)3alprovides important information
about the reaction mechanism. The extrapolateditlees shown for the products
intersect the y-axis at conversion = 0 at varioositmns which sum to ca. 100%,
implying that these 4 products are representativih® total. It's important to note
that the extrapolated trendline for SKG) intersects the y-axis at close to the origin.
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H,/C3Hg/N, over Mo,C (#9450). (b) Selectivity-conversion plot for obseed products.

This is indicative of a secondary product for teaation of propane on MG. If we

consider the basic reaction network:

CsHg = C3Hg + H — propane dehydrogenation (primary)
CsHg — CoHs + CHy — partial hydrogenolysis (primary)
CoHa+ Hy — CoHs — ethylene hydrogenation (secondary)

then this would appear to be consistent with theeoked data. Unfortunately, the
conversion was only observed over a small rangefantiger, in-depth analysis is not

possible with this data.

3.4.1 Propane activation in H/H,0
The influence of steam as an oxidant co-feed omehetivity was determined by first
carrying out series of preliminary experiments whied to a range of stable

conditions for the MgC phase.
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Table 3.5: Details of carbide samples treated in4Elg/Ho/H,0

v/

Catalyst Igltﬁ;n Phase CE'(;‘/';')""' (Mc;+v T/°C (r\m;?hvl) CgHgg_l 2l F:gst XRD c(:(;g)er (r?]%;)
Mo,C 945C Mo,C 5.3 0 500°C 500C 25/55/2( 966: Mo,C 6.3 25
Mo,C 945C Mo,C 5.3 0 550°C 500C 25/55/2( 947¢ Mo,C 7.€ 30
Mo,C 945C Mo,C 5.3 0 600°C 500C 25/55/2( 951t Mo,C 7.6 38

(MoV),C 875/ Mo,C 51 0.1C 500°C 500C 25/55/2( 942C Mo,C/MoO, 2.€ 34

(MoV),C 875/ Mo,C 5.1 0.1C 550°C 500( 25/55/2( 9327 Mo,C/Mo0O, 6.5 44

(MoV),C 875/ Mo,C 51 0.1C 600°C 500C 25/55/2( 936¢ Mo,C/MoO, 5.5 39

(MoV),C 875/ Mo,C 51 0.1C 650°C 500C 25/55/2( 938¢ Mo,C/MoO, 7.1 40

Table 3.6: Apparent activation energies calculatetbr steam-dehydrogenation of propane over MgC.

Apparent k(< 510°C

Apparent I, (> 510°C

Product kJ/mol kJ/mol
C3H8 &) 137 70
C3HE 12C 54
C2HE 241 i
C2H4 10E i
CH4 18E i
co 277 66
coz 216 i




The conditions applied in the study wereHg = 25%, B = 55% and HO = 20%
over a catalyst mass of 450mg (total flow 38 sctorgive a WHSV = 5000 mith™.
Initial conversions were observed at 500, 550 af0°6 under the previously
mentioned conditions for MG (#9450) and for (M§sV.1).C (#8754). The influence
of reductive pre-treatment was also determinedb@h catalysts.

For the case of M&, the apparent activation energies of formatiothefrespective
products were determined at steady-state conveedien reaction at 600°C for 24

hours.

The catalytic conversion of propane in steam c@nt is a considerably more
complex network of reactions. Beyond dehydrogenatiod hydrogenolysis products,
steam-reforming products and water-gas shift aigenied to play a role. In Figure
3.17(a), the conversion and rate of propene foonadre contrasted at 500, 550 and
600°C. As observed in the previous ‘dry’ study, toaversion of propane decreases
more sharply with increasing temperature. At 508i€ conversion is steady at ca.
8% and the rate of propene formation is constamt 286 pmolg*min™). The initial
conversion does not change significantly with iasiag temperature, but exhibits an
initial increase to a peak yield (t = 6h for 550%G; 3h for 600°C) before declining

over time.

Analysis of the product selectivities (for T = 5680 Figure 4.16b) shows a high
initial selectivity to CO, a product of steam refong, as well as dehydrogenation and
hydrogenolysis products. This is followed at t =tBha peak in selectivity to GO
which precedes the peak production gHE Over time the selectivity to 85
approaches 90%.

An Arrhenius plot for the formation rates of obsmtvproducts in the steamyH
activation of propane shows a strong dependendgraperature (see

Figure 3.18). Below 510°C the behaviour is obseneelde linear, but above 510°C
the apparent fof all the products decreases indicating a changée underlying
material. This is reflected in the reactivity, wirs observed to be steady state at T =
500°C but changes dramatically at higher tempegatuifhe apparent activation
energies observed for the products are reportédlite 3.6.
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Figure 3.19: Variation of space velocity in steam/Hpropane activation over Mg,C (#9450)

— product formation rates.
As is seen in the case of the/&;Hg conditions, decreasing the space velocity from
5000- 1250 affords only a slight increase in propenenttion rate while the rates
of COp, CO and CH formation increase by more than double (Figure)3.This
implies that the propene is preferentially consuntedorm one or more of these
products.
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Figure 3.20: Conversion and rate of GHg formation for steam/H, propane activation over

Mo,C (#9450) and (M@ gdVo11),C at T = 550°C.
The influence of vanadium content differs to thdiserved for EH/CsHg. The
conversion of propane is not observed to changaatiaally but the rate of propene
formation is increased with respect to Mo(Figure 3.20). However, the mixed Mo/V
carbide is unstable to oxidation by steam undesdéhmnditions, and at a range of
temperatures it can be seen in XRD powder diffoscthat the catalyst is partially
oxidised to MoQ (Figure 3.21).
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Figure 3.21: Post-catalytic X-ray powder diffraction patterns for steam/H activation of
propane at different temperatures over MgC (#9450) and (M@ goV0.11).C (#8754). Phase

composition: ¢ — Mo,C (hcp), ® — MoO, (monoclinic).
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It can be seen that at T = 500°C the post reagfoduct is largely Mo@ however
with increasing temperature, the stability of thebide phase (M&) increases and at
650°C there is only a trace of MeQisible. Mo,C was stable under all tested

conditions.

3.4.2 CO; as an alternative oxidant source

To contrast the effects of GGnd oxygen on the catalytic conversion of propane,
CO, was added to the reaction mixture. The conditiapgplied in the study were;
CsHs = 25%, H = 55% and C®= 20% over a catalyst mass of 450mg (total flow 38
sccm) to give a WHSV = 5000 mitg™.

Initial conversions were observed at 500°C and 650ider the above conditions for
Mo,C (#9450) and a pattern of behaviour similar ta thiiaserved for steam4HDH

was apparent.

As can be seen in Figure 3.22, the ‘activationcharacterised by an initial bump in
the rate of propylene formation as was seen fansteontaining feedscf, Figure
3.17). For the same temperature (850 the rise in selectivity is more immediate in

the case of C® This implies that C®is a stronger oxidant than@.
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Figure 3.22: Initial selectivity, conversion and popylene formation rate of CGQ/C3Hg/H,

over Mo,C (#9450) at 550°C. CQis excluded due to conflicting carbon-sources.
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At steady-state conversion after reaction at 60f@tC24 hours, it was additionally

attempted to determine the apparent activation gieerof product formation.

However, this proved to be unreliable due to theaglacation in extracting the data
with a strong background of RWGS observed for #aetion. Further experiments to
determine whether COhydrogenation reaction had an influence on the/B&£DHP

are detailed in the next section.

3.4.3 Reverse water-gas shift over Mo

In the GHg/CQO,/H, reactions, significant RWGS was observed. To ihgate this
reactivity, the reaction was carried out over fhestarburised MeC (#9450). The
conditions applied in this study were, N 25%, H = 55% and C@= 20% over a
catalyst mass of 450mg (total flow 38 sccm) to giveVHSV = 5000 migh™. No
induction period was observed for the reaction andsignificant deactivation was
noted.

In Figure 3.23, the conversion of €© close to the RWGS equilibrium conversion as
calculated for the reaction conditions. The rafiga&ectivity for CO:CH at 500°C is
ca. 93:7.

40 Carbon balance—>
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I= S0 r(CH4) 80
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c 150 -~ e 40
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0
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Figure 3.23: RWGS at WHSV = 5000 ml/gh over MgC (#9450) after carburisationin situ.
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As it was observed that there was very little infation on RWGS over carbides
some further preliminary experiments were madedBgreasing the catalyst mass to
20mg (#8425 — transferred from glovebox) with tlene flow rate, a WHSV of
114000 (GHSVW= 220000) was achieved. Even at this high spaceirglihe reaction
was observed to go to equilibrium conversion. At ilcreased GHSYV the selectivity

of CO:CHy,was observed to be99:1 and the carbon balance was ca. 95%.
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Figure 3.24: RWGS over MaC (#8425) at GHSV = 220000

No significant deactivation was observed over 2dre@nd the XRD and CHN post-
mortem analysis indicated that there was no bulksphchange or deposition of

carbon.

3.4.4 Temperature-programmed reduction-carburisation rdamn —
H,/CsHg over h-Mq VO3

In the previous experiments, Mo and (Ma-xVx).C are presented as a model system

for the activation of propane on a strongly reducathlyst. As a complementary

study to link carbide formation and propane redtgtivtemperature-programmed

reduction was carried out under previoug(G3Hg conditions for each of the oxide

precursors. The oxides were synthesised by compt&taon as detailed in Chapter 2

and the reaction details are given in Table 3.7.
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Table 3.7: Table of precursor oxides for TPR undeH,/C3Hg/N;

Precursor IntIeI‘DrnaI (M'\g?-/\/) (M\cf/*-\/) p(r;ZI/BST (ergi:/l) CsHg/H/N, F;gst XRD pc()r?]t; /?;)E T

h-MoOs 8650 100 0 <1 5000 25/55/20 11196a-MoC, 74
h-Mo(V)Os 6702 97 3 <1 5000 25/55/20 11197a-MoCy.« 77
h-Mo(V)Os 7911 92 8 <1 5000 25/55/20 11199a-MoC,;.« 98
h-Mo(V)Os 6601 89 11 16 5000 25/55/20 11211a-MoC;.« 112

All reactions were carried out over 225mg of (Md,).C with a total flow of 19
scem giving a WHSV of ca. 5000 niigt. The concentration of 4Els was 25%, with

H, = 55% and the balance, N20%). The oxides were ramped at 5°C/min to 300°C
and at 0.5°C/min from 300°C to 600°C, held for 2Zitsoand then cooled at 5°C/min
to 500°C and held for 2 hours before cooling to Riliring the temperature program,
GC samples were taken every 20 minutes to givemgéeature resolution of ca.
10°C. After reaction the samples were removed ® dglovebox for handling and

post-analysis by BET, XRD, TEM and Raman spectmpg¢see Chapter 4).
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Figure 3.25: Product formation rates for temperatue-programmed reaction of H/C3Hg

overh-MoOs.

As shown in Figure 3.25, the reaction product thation of propane ovein-MoOs;
changes considerably with the extent of reductitor.the case of undopddMoOs
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(#8650) the product evolution can be divided irficeé phases. The first is a sharp
increase in the formation of methane and ethaneeahd0°C. This is followed by an
increase in the C2 and C3 olefin products whicimades with the generation of CO
via RWGS between 450-550°C. The final phase iddirease in all rates except for
that of methane. In the gas chromatograph theainitaces show that C1 and C2
species as well as C4 species are present in ttet gas. In Figure 3.26 the gas
chromatographs are shown for the temperature rd8Qe560°C. It can be seen that
the formation of n- and iso-butane mirrors the fation of ethylene, while the
unsaturated butenes are observed at higher terapesat

| ci = C.H scaleg x 25

10

('n'v) Awsua

4
A

55 60 65 70 75 80 85175 180 185 19.0 195 200

.3

GC elution time (min)
Figure 3.26: Gas chromatographs of C1, C2 and C4 pducts at increasing temperatures.

The variations observed for tteMo(V)O3 oxide series can be seen in Figure 3.27.
From the overall conversion of;Bs there are some similarities with the observed
TPRC profiles in Chapter 2. The oxides with lowan&dium content are reduced at
lower temperatures resulting in a faster onsetctivity. Overall, it is observed that
the rate of methane formation for the undoped &d/3oped oxides is significantly

higher than for that of the V-rich samples, esggcé& higher reduction temperatures.

With respect to the onset of CO formation via RW®&® V-poor samples show a
small onset at ca. 450°C, but all the samples ptagerly at ca. 480°C indicating the
integration of C into the MoPlattice. This temperature is much lower than is
observed for Chifor reasons discussed in Chapter 1. It can betbe¢nhe formation

of dehydrogenation products directly precedes theburisation process and is
observed to peak just before the CO maximum. Thedtion rate of propylene is
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remarkably similar for all the catalysts and does appear to be correlated with the
catalyst surface area before or after reduction.
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Figure 3.27: Temperature-programmed reduction of h-Mo;,V,O3; under Hy/C3zHg/N,
(55/25/20) at WHSV = 5000 ml/ghm — h-MoO3 (#8650); = — h-Mo0goV0d03 (#6702);
— h-M00.92V0.0603 (#7911);m — h-M0g g3V 0.1103 (#6601)

From the XRD patterns of the post-TPR samples bétokigure 3.28, it is apparent
that the oxides have been carburised tdthe-MoC; . structure. It is well-known in

the literature that for the carburisation of Md®y longer-chain hydrocarbons (> C2),
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that the formation of cubic MoG is favoured®® 1> IHere we see by the evolution
of CO from the structure that the carburisationuss®ver the temperature range 500-
600°C (Figure 3.27).
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Figure 3.28: Post-mortem XRD patterns of TPR oxideafter H,/C3Hg/N, to 600°C

3.5 Discussion

The various approaches to the activation of progare MaC and Mo/V carbides
with respect to the carbide stability are summdrise in
Figure 3.29. From the results of preliminary exmemtation it was observed that
oxidative dehydrogenation conditions resulted maidation of the carbide to MO
and that under a less aggressive oxidant such,@#C, the carbide was partially
oxidised to MoQ. However, the addition of co-fed,Ho the reaction resulted in a
stable conversion of propane. Additionally, it waand that the dehydrogenation of
propane over Mg resulted in very fast deactivation due to carbeposition. In this

case H was added to reduce carbon deposition.
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H,0/CO,+ CsHg

CsHg (+ Hy)

H,O/CO, + H, + C;Hg

Figure 3.29: Summary of propane reactions over Mg with respect to phase stability and
surface carbon.
Therefore, two separate approaches were madedy ttte activation of propane over
molybdenum carbide. The first was a non-oxidatvete using a feed of4Elg/N,/H-
and the second was using alternativepOtor CQ as an oxidant source, which was
co-fed with H to stabilise the catalyst.

In the discussion of catalytic conversion of propaner molybdenum and mixed Mo-
V carbides we can outline a number of basic reastihat could contribute to the

formation of each product. For the case ¢/G3Hs:

CsHg <> CsHg + Ha — dehydrogenation/ hydrogenation
CsHsg (+ Hp) > CoHys + CHy — partial hydrogenolysis/cracking
CoHg « CoHs+ Ho — ethane dehydrogenation

CiHons2 + Ho > NnCH, — total hydrogenolysis

CiH2ns2e> nC + (n+1)H — coking

For the case of propane dehydrogenation in steame tare additional reactions to
take into account:

CsHegss + 3H,O « 3CO +6/7H — steam reforming of propane/ene
CoHaje + 2H,0 > 2CO + 4/5H — steam reforming of ethane/ene
CH; + HHO - CO + 3R — steam reforming of methane
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CO+HO- CO+ H — water-gas shift reaction
2CO0-~ CO;,+C — Boudouard reaction

These reactions do not form an exhaustive list,arerthey intended to represent a
mechanistic picture. However, by simplifying thengalexities of the system we can
begin to draw a picture of the reactivity over édelboxycarbide surfaces.

3.5.1 Reactions of propane/hydrogen over carbide surfaces

In the case of a fixed feed ofs:lg/H, over undoped Mg let us consider two
principal variables for the reaction:

» The initial surface oxidation state of the catalyst

» The temperature of reaction.
In Figure 3.12 we can see the differences betweendistinctly different surface
states of MgC. The passivated sample (#9450) and the freshlyudaed sample
(#8425) show very similar activity with time oneaim. This indicates that the surface
of the catalyst becomes equilibrated quickly. Tleg Hifferences observed between
the oxidised and carbidic surface are in the nedatelectivities of Ckiand CO.
During the equilibration process, the excess oxyigeextracted from the surface of
#9450 via a reforming reaction in which the broldswn C3 is incorporated and
partially removed as CO and,® from the surface. During this process, the
selectivity of CH increases to the equilibrium level. At a basielene can represent
the formation of C1 and C2 products by a combimatid the total and partial
hydrogenolysis reactions.

XC3 > yC1 +zG (y + 2z = 3X) — general hydrogenolysis eqn.

The influence of excess surface oxygen is then geéavour partial hydrogenolysis

(y = z) with reduction pushing the balance towdatal hydrogenolysis (y > z).

Throughout both reactions, the rate of propylenenédion initially rises and is
roughly constant over 8 hours. The rate of hydro@eis products, however,
decreases exponentially. A possible explanationttite is that the active site for
dehydrogenation is distinct from the hydrogenolgdis.
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If we then consider the time-dependent rate giflCformation, we see that the
selectivity remains constant from early on (t = Wjile the conversion decreases
(implying that the rate of formation is also desieg). This is counter-intuitive if we
are to believe that the,B,originates only from the dehydrogenation oHg, as we
would expect the selectivity to mirror that oftds. Instead, the formation rate appears
to be a function of both the hydrogenolysis andydebgenation rates. This can be
understood by considering that the propylene B etsisumed by the hydrogenolysis
process to give £H,. Evidence for this pathway is seen in the steddiewvariation of
GHSV over MeC shown in Figure 3.16. The variation in GHSV fr&®00— 1250
ml/gh is observed to double the rate of hydrogesislput only marginally increase
the rate of GHs. In the selectivity-conversion plot thesis is consumed by the
hydrogenolysis process with increasing conversire selectivity-conversion plot
also shows that the selectivity fonKs converges close to 0 at low conversions

implying that it is likely to be a secondary protduc

A schematic explanation for these observations igesgnted in
Figure 3.30. It is stressed again that this schiemstmerely a tool to provide
explanation and is not intended as a mechanistaemo

The strong hydrogenolysis sites in this case afmet as those that can activate
propane, whereas the weak sites are defined as thatscan only activate propylene.

As seen in Figure 3.30 dehydrogenation is indepandé other reactions while
methane can be formed by hydrogenolysis of propan@ropylene and by the
methanation of deposited carbon. This creates [@adig between the selectivity to
ethylene and methane which can be seen in Figl/€c3. As the reaction progresses
at 500°C, the ‘strong’ hydrogenolysis sites arectleated by carbon deposition and
the relative contribution of carbon methanatiom@eased.

By increasing the temperature of reaction, not oslythe rate of equilibration
increased, but also the position of equilibriumorgrcomparison of (MpsV).C at
500°C and 550°C in Figure 3.14 we see that thenate conversion is lower and that
the rate of formation of §Hs decreases over time. This implies that the acies for

dehydrogenation are consumed at this temperature.
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t = 0; reaction over fresh surface
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Figure 3.30: Schematic for propane reactivity overdeactivated Mo,C. Type 1 = alkyl-
recombinative site; Type 2 = dehydrogenation siteType 3 = weak hydrogenolysis site;

Type 4 = strong hydrogenolysis site.

From the temperature-programmed reactiom-dMo(V)O3 discussed earlier, we see
that the carburisation of the oxide undeyjHg/H, occurs between 500-600°C. At
500°C, the residual oxygen content of the carbidisipts throughout the course of
the reaction, also at the surface whereas at 5H08Cxygen is stripped from the
surface, destroying dehydrogenation sites.

The temperature-programmed reaction experimentssshio Figure 3.25 — Figure
3.27 provide further information on the temperaependence of product selectivity
for this reaction. Apart from the fact that we s@eburisation occur between 500-
600°C (as evidenced by the evolution of CO), ateotemperatures (400-500°C) the
evolution of CH, CHs and GHio are observed as products of recombinative
hydrocarbon formation as discussed by Tysbal®® 1% 192propylene is formed
even at low temperatures (< 400°C) but does notase dramatically in rate until ca.
450°C, which coincides with the very beginning ofD Cevolution. The gHs
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formation rate peaks at ca. 520°C, just beforgtrak of CO evolution. At this time it
can be seen that thek; formation rate, while meagre, mirrors the CO etioluwith
the implication that the carbide is a likely hydeoglysis site. As the reaction
temperature increases, the methane has a secokavpieda is observed at 550°C for
the V-rich oxides, and at 600°C fdr-Mo0pgV0030s & h-MoOs. This peak is
associated with the total hydrogenolysis of propane it is observed to decay to a
steady-state value, presumably as the active anitestrated by surface carbon.

The influence of vanadium in the activation of paop over the freshly prepared
carbide series (MoVx).C is difficult to quantify. Most notably, an inciea in
vanadium increases the initial conversion of pr@pand formation rate of methane
(Figure 3.13). With time on stream, the selectivity hydrogenolysis of V-rich
samples is observed to be higher than that ofdViét steady-state conditions there is
a trend observed for the apparent activation enefggropylene formation. With
increasing V content, the apparentid€observed to increase from 80 + 5 kJ/mol to 95
+ 5 kd/mol in a roughly linear fashion (Figure 3.1%his is not reflected in the;E
determined for methane formation, which would iatkcthat the most likely pathway
is independent of the surface — hydrogenation dasa carbon.

In the TPR experiment, we observe the inverse tituaOver the course of reaction
the conversion is higher for the V-pobMo1.4VxO3 & h-MoOs; and especially so

with methane formation. As was discussed in Chahténe V-substituted oxides are
more stable to reduction which is reflected by detéayed onset of activity (Figure
3.27). Most interestingly we observe that the aneder the CO peak is larger for the
V-containing oxides. This is also contrary to olasions for the TPR-carburisation
of Mo(V)Oy in CHy/Ho.

It must be noted here that the resultant carbidiffisrent in the case of TPRC under
CsHg/H, (fcc MoCi.y) vs. CH/H, (hcp Mo.C). However, the relevance of these
observations is not insignificant and the relatietween these two phases will be
discussed in more depth in the next chapter.
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3.5.2 Reactions of propane/steam (or GYzhydrogen over carbide

surfaces

Much of the discussion relating to the reactivifypoopane in the previous section is

applicable to the situation observed for steam.

The conversion of propane and selectivity to prepglis observed to be higher for
the case of steam/GQrontaining feeds. At 500°C, the conversion of o is
roughly constant (8-10%) with a constant rate obpgiene formation. For
temperatures > 500°C the initial conversion of prop is ca. 40% which is
principally due to formation of CO, Gtand GHs (Figure 3.17). It seems that just
above 500°C lies a critical temperature which igédd at in the previous experiments.
It can be seen quite clearly in the Arrhenius pfotsvarious products (Figure 3.18)
that between 510-530°C, there is a disjoint inrtheire of the catalytic surface. This
is particularly evident in the Arrhenius plot forOCformation, which gives an
apparent activation energy; Ea<510°C = 272 kJ/m&k&510°C = 66 kJ/mol.

If we look at the initial conversion plot for theaction at 550°C (Figure 3.17b) att =
0, we note the predominant selectivities are to CBy and GHs. With reference to

the observed alkyl-group recombination that waseoles] in the TPR of the oxides
we can tentatively propose that the initially peatd MoeC surface catalyses the

reaction:
NCGHg — XCHy + YGHg + zGH1p (3N =X + 2y + 42)
— recombinative hydrocarbon formation
and that in the meanwhile;
CsHg + 3HLO — 3CO + 7h — steam reforming of {€ls
is combined with the carburisation of MgQ) to give:
MoOy + CHg — MoC,+ CO + HO — carburisation of Mo©

The CO peak is subsequently followed by a peakheé delectivity to CQ which
possibly arises via the formation of an oxycarbgleface which is active for
WGSH?!
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CO+HO- CO+ H — water-gas shift reaction

This last assumption is based on the fact thatrabe of CQ never exceeds CO
formation and that the decline in selectivity migr¢éhat observed for CO.

Finally, the rate of propylene formation is obserte peak soon after the WGS peak,
which is reported to be most active over oxycarbiefaces® Overall with
temperatures > 500°C the reaction strongly dedetvaver time, most likely due to
carbon deposition (discussed in Chapter 4). Thase notable in the post-catalytic
CHN analyses, where the reaction carried out atG0tas 6.3 wt.% carbon (5.92
wt.% is stoichiometric) after reaction whereas tkactions carried out at 550 &
600°C have 7.3 and 7.9 wt.% carbon, respectively.

Vanadium is observed to increase the selectivitpropylene but the conversion
does not change. This is contrary to the obsematior the H/C3Hg feed, however,
the mechanistic differences are significant andsitdifficult to ascribe specific

reasoning except that in O-rich conditiongy is a better DH catalyst.

3.6 Summary

In this chapter we have observed that the actimatib propane over molybdenum
carbide is strongly dependent upon the oxidatiatestf the surface of the catalyst. In
the direct dehydrogenation of propane we obserae fieshly reduced material is
highly active but only moderately selective to prigme. With time on stream,

however, the hydrogenolysis products are obsereedetrease while the rate of
dehydrogenation stays roughly constant. The addiob vanadium is observed to
increase the overall activity of the catalyst duioes not increase the selectivity to

propylene.

The activation of propane in soft-oxidising comnmits (HO/CQ) increases
productivity of the catalyst to propylene in alkea. In this case vanadium is seen to
be beneficial to the reactivity initially but theverall stability of the catalyst to
oxidation is reduced. In the case afHcontaining feeds, steam-reforming of propane
over the catalyst is observed. Additionally, aicait temperature for surface reduction
(~520°C) is noted for the catalyst, above which ¢hemical potential of the reactor
results in strong deactivation of the catalyst, iksly due to carbon formation. The
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addition of CQ has a similar effect on the productivity to prame but in this case
there is also a strong contribution of reverse wg#s-shift.

In a separate study into the reverse water-gas refai€tion, M@C is found to be an
efficient catalyst for the hydrogenation of €®@ith high selectivity to CO (> 90%).
The reaction went to equilibrium conversion eveneat high space velocities over a
range of temperatures (GHSV > 200000, 500°C < 06°Q).

For the temperature-programmed reactiorh-dfo1.4V«xOs precursor oxide materials
in propane the catalytic activity was observednicrease dramatically as the oxide is
reduced and the selectivities evolved with tempeeatirroring the reduction state of
the oxide. In all cases the phase resulting afaction was observed to be the
metastablécc MoC x.
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Chapter 4: Reactivity of propane over Mo/V carbide II:

Surface reactivity studies and post-catalytic chareterisation

4.1 Abstract

In this section we address the chemical naturéetatalyst surface in relation to the
observed catalytic activity. Using situ Raman spectroscopy aea-andin situ X-

ray photoelectron spectroscopy (XPS), it was ptsdd gain insight into the nature
of the active material and observe the progressibthe surface chemistry under
reaction conditions. Finally, in conjunction withamsmission electron microscopy
(TEM) techniques, we were able to characterisesdmples after reaction to give a

‘post-mortem’ analysis of the catalysts.

Using Raman microscopy, adventitious carbon wasrobd to form on the surface of
the catalyst, selectively blocking sites that weractive for the

hydrogenolysis/cracking of propane to lighter males. The nature of the carbon
species was dependent on the reaction conditiothsvas found to evoke a higher’sp

character (less amorphous) with a co-oxidant fee@( CO).

The oxy-carbidic nature of the surface layer isappt fromex situ XPS of the
freshly prepared carbides. It is also observedHterV-containing materials that the
surface layer is enriched with vanadium in the fafVv=0. Results ofn situ XPS
experimentation reveal a strong dependency of éta@ytic activity with the surface
oxidation state of the carbide. Dehydrogenatiopropane was observed to increase
with the oxidation state, whereas formation of @& &4 products is favoured by an
increased electron density at the Fermi edge. Nuodtion of adventitious carbon was

observed.

The comparison of pre- and post-mortem carbidelysttashows a considerable
surface rearrangement as well as carbon depostelacted area electron diffraction
(SAED) of the freshly prepared carbides is indigatiof hcp £-Mo,C with

agglomerated crystallite morphology. After reactibie catalysts are observed to be
guite heterogeneous with regards to carbon depositnd structural rearrangement.

The SAED reveals a mixture dtp S-Mo,C as well as the presencefof a-MoC; .«

however, the powder XRD shows oniyMo,C.
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Post-mortem analysis of the oxide precursors R in H/CsHg shows primarily
fcc a-MoCi.x with extensive carbon deposition as both graploterlayers and

carbon-rich carbidic phases.

4.2 Introduction

The comprehensive surface characterisation of nad@ghbm carbides is a complex
area of research and one that hinders effortsuelale mechanistic insights into their
reactivity. Due to their dark nature, many lighsbd spectroscopic techniques are
ineffective for the characterisation of surfacecsp® or adsorbates. The difficulties of
exact characterisation are compounded by the veat#iture of molybdenum carbide
and the tendency to incorporate oxygen into thectire of the carbide. Freshly
reduced MgC is pyrophoric and burns on contact with bulk oayglt is therefore
necessary to passivate the surface layers undew gdrtial pressure of oxygen in
order to handle the material in atmosphere. Thifase modification by oxygen leads
to significant changes in the reactivity and heid® common in catalytic studies for
the carbide to be formed situ prior to the catalytic reaction in question.

As well as surface contamination by oxygen, thecess of carburisation leads to the
deposition of adventitious carbon on the surfacklofC. As is discussed in Chapter
1, this is a function of the chemical potentialsafbon and hydrogen in the gas phase
during the synthesis, and may be reduced by comsidehe thermodynamics
situation. However, the necessary crossover ofnlaimum temperature of the
thermodynamic coking limit and the minimum temperat required to remove
oxygen from the system, means that there is gdpesaine aliphatic carbon formed
during the synthesis. In the literature, a pretnesitt under bl is regularly applied to
remove surface carbon. Specific methanation ofstihiéace carbon may be achieved
under ideal (i.e. single crystal) conditions bumost cases it is applied as a rule of
thumb and has been shown to result in an overlhalhitetharacter of the final surface
depending upon conditiod$ Just as the production of high-quality materiaksspnts

a challenge to the synthetic chemist, determinregiature of the surface with respect
to observed catalytic activity is challenging asdaided by the use of an array of
technigues including; TPD/R/O, TEM, physisorptionnda chemisorptions
experiments, Raman microscopy, X-ray absorptiorctspgcopy (XAS) and XPS.
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4.2.1 Motivation and experimental goals

The goal of this study is to shed light on the mataf the carbide surface in the
activation of propane under varying conditionsalkko examines the mechanistic
influence of vanadium as a dopant atom in the®attice under conditions of high

reducing potential in hydrocarbon reactions.

As has been discussed in the previous chaptegperation of metal oxide catalysts
for selective oxidation reactions in industrial ddgions is rigorous and demanding on
materials and engineering. At equilibrium convemsi@mver large scale reactors, the
chemical potential varies greatly over the rangéhefcatalytic bed and can therefore
influence the degree of reduction/ carburisationictvhin turn can influence the
product distribution.

For these reasons, it is interesting to examinerdlaetivity of oxide surfaces with
respect to their oxidation state, structure andoararcoverage. As the surface
composition of a catalyst is a function of the cliehpotential in the gas phase, it is
necessary to employ the useimfsitu techniques such as XPS and Raman, and also
by the post-mortem characterisation of catalystgeas

Specifically the goals of this study are to:

» compare and contrast the formation of surface cadpecies using Raman
spectroscopy

* to conduct transmission electron microscopy stud@sparing pre- and
post-mortem samples of MO and (MQ@-xV).C following treatment under
propane by way of local chemical and structuralysis

 to correlate the specific catalytic activity witihe surface chemical

composition and oxidation state by uséwositu XPS technique.

4.2.2 Previous studies and literature review

An exhaustive review on the surface characterisabiomolybdenum catalysts is not
practical within the scope of this work. Howeverisiimportant to outline some key
studies that relate to the techniques applied igttiesis. Also presented are studies
that contribute to the mechanistic understandingredctivity on molybdenum
carbide/oxycarbide surfaces.
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4.2.2.1 Mo,C single crystal studies

There are relatively few papers in the literatinat deal with surface studies of M
single crystals. Considerable contributions tofthld have been made by Otaetial.
with a series of papers studying the surface stracand oxygen adsorption an
(0001)-MaC 2®! The principal techniques used in these studie® W&ED (low-
energy electron diffraction), XPS and TPD.

In a paper with Oyama, Otaet al. discuss the surface composition and structure of
Mo2C. It is observed with the use of LEED and angsheed photoelectron
spectroscopy (ARPES), that at lower temperatures823°C) the surface is
characterised by Mo termination. At higher tempeaeg (> 1023°C) the surface is
found to be predominantly C-terminatéd. This distinction of metallic/carbidic
character is important when considering the adsorpof hydrocarbons on the

surface.

In a review of transition metal surface chemis@henet al.discuss the interaction of
ethylene on metal and carbide terminated surfaceeguTPD and HREEL
spectroscopief! On clean Mo(110), ethylene is found to decompog® and H, with
the latter desorbed as Ht ca. 120°C. Similar behaviour was observedterdarbon
modified surface, however, with the presence obOML of surface oxygen, the
reactivity is almost entirely suppressed. The higholution electron energy loss
spectra (HREELS) indicate that the reaction pathéeaythe metal and carbide is
different. The adsorption of, 8,4 on the pure metal surface is observed to decompose
the C-H bonds at very low temperatures (< 80K) imgdo the formation of an
acetylene-like adsorbate, which decomposes at 7Hi€ carbide surface is observed
to adsorb the ethylene in a di-sigma-bound moderbeforming a MoGCCHs
ethylidyne-like species, comparable to an organalitetmoiety. In a subsequent
study by Grossmaet all”! this change in behaviour is suggested to arise figsp)-
Mo(4d) hybridisation observed for molybdenum cagsidwhich modifies the density
of states (DOS).

These differences are outlined in a paper by Ketllgl. which considers the reactivity
of butane over C-modified Mo(100) surfaé@sThe TD spectra are compared for a
series of surfaces and it observed that at a sudaxon coverage of c& = 0.6, the
H, peak associated with decomposition is decreasddhendesorption of butene is
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observed to increase. The above studies indicatetlhie reactivity of the carbide is
specifically altereccf. Mo surface, however it is still active for the diswtion of
hydrocarbon molecules. It is also noted that tlaetreity may be strongly moderated
by the introduction of surface oxygen.

The effect of surface oxygen on the reactivitygaia addressed by Otaetial who
find that the M@C(0001) surface is active to,@dsorption with a very high sticking
probability, and that the adsorbed O atoms intesgéttt both Mo and C atoms to form
an ‘oxycarbide’ at temperatures < 523°C. Above §23he oxygen is observed to
bind only to Mo atoms. Interestingly, the metadiitaracter of the carbide is observed
to persist with oxygen exposure (10 ML) at tempeed < 823°C. The observed
density of states at the Fermi edge is enhancedxppsure to oxygen by the
formation of an oxygen-induced state at the origin of which is later hypothesised
to be due to increased Coulomb interaction betwhenMo 4p and 4d electrofs.
This behaviour is attributed to the fact that, amtrast to group IV/V transition metal
carbides, the highest occupied state is mostly osegh of Mo4d orbitals rather than
the C2p orbitals. Hence, the attacking oxygen peet&ally bonds with Mo in the
second layer rather than attacking C and desodsngO.

4.2.2.2 Mo,C polycrystalline studies in ‘metathesis’ reactions

The complex interactions of MG with hydrocarbon molecules are explored by
McBreen et al in a series of studies using reflectance-absadamfrared
spectroscopy measurements, combined with XPS tdeprhe interactions of
aldehydes and alkenes with M&® 1% Using a polycrystalline foil, the dissociation
of a cyclic aldehyde is observed to result in therfation of Mo=0O oxo species as
well as surface alkylidene species. Subsequentniezd of the surface in propene
results in the evolution of metathesis productshef cyclic alkylidene, as well as
regenerating the alkylidene active sites in thenf@f methylidene and propylidene
species (see Figure 4.1). The persistence of nestattvith temperature is observed to
extend from ca. 100°C- 275°C which is at the uped of the range reported for
metathesis activity over Mo-based catalysts. Tlselte presented are commensurate
with the operation of a Chauvin-type mechanism efathesig'* 1
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Figure 4.1: The Chauvin mechanism for metathesis slwn for propylene attack over a
cyclopentylidene functionalised carbene site — remted from [ with the permission of
Elsevier.

Tysoe et al observed the metathesis-like behaviour (recontig@geydrocarbon
formation) of ethylene and propylene over various drfaces at considerably higher
temperatures (323-623°C) than normally appfigddin the reaction of ethane over
Mo folil, a distribution of products from C1-C6 ibgerved, which fits a Schulz-Flory
distribution. The apparent activation energy fas tleaction is observed to be ca. 230
kJ/mol, much higher than the reported 30-40 kJAoolow temperature metathesis.
The mechanism proposed involves the decompositionc@ent alkenes to carbene
species followed by the recombination of these isgdo give a range of products in
a similar manner to that proposed for Fischer-Tebpsroduct formation. In the case
of propylene, it is shown that the principle protduare; C1, C2 C3 and C4 products.
The product distribution could be modeled by a hediShultz-Flory equation and is
commensurate with the recombination of surface wietdarbene species with
hydrogen (carbene destruction), another methylidestbylidene or propylidene
species respectively.

The addition of oxygen to the surface of Mo is olied to have a significant impact
on the reactivity. In a further study, Me@ shown to catalyse both low temperature
metathesis and recombinative formation of alkenesteq effectively®* For
temperatures > 375°C, the mechanism is observedhtmge from a Chauvin
metallacyclobutane mechanism to a carbene-polyat&ns mechanism, which gives
decreasing selectivity to metathesis products intheasing temperature (Figure 4.2).
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Figure 4.2: Plot illustrating propylene metathesisover MoOy; two different mechanisms of
ethylene/butylene formation depending on temperatwe — reprinted from 4 with the
permission of The American Chemical Society.

4.2.2.3 Bulk spectroscopic MgC studies in alkane transformation
reactions
Solymosi et al report the adsorption of propane and propyleneMmC/SIiO,
observed by FTIR spectroscopy. At low temperatures (< RT) propane is observed
to bind weakly and reversibly. After treatment enperatures between 100-300°C
the formationo & t-bonded propylene is observed, and at the higleespérature
there is evidence for formation of propylidene niee These species are also
observed to persist in this temperature range wWith co-adsorption of CQ'®!
Furthermore, it is observed by FTIR and TDS that,CHdsorbs irreversibly,
dissociating to CO and O on the surface at T > 600hich subsequently desorbs at
ca. 550°C. Bulk oxidation of the surface is obsdrte take place slowly at T >
600°C.

In several studies by Rodriguez-Gattomtoal. the isomerisation ofi-heptane over
carbon modified MoOx surfaces is discussed witlerezfce the development of a
surface carbon layer as observed by Raman spespysnd TPG” 1811n this study,
pre-reduced Mo®@is treated at 370°C underheptane with increasing conversion
observed concomitantly with the evolution of theaBd G bands of carbon in the

151



Raman spectra. It is claimed that the evolutiommfactive Mo-O phase is stabilised
by the deposition of more ordered carbon speciaghnpresent a higher temperature
TPO peak.

4.2.2.4 Transmission electron microscopy studies on Mo and

oxycarbide materials
A long-standing discussion related to the integiieh of TEM and XRD data for the
characterisation of the ‘oxycarbide’ phase existghie literature. First reported by
Ledoux et al*¥! it is posited to be the active phase in alkanenisation. The
formation of this phase occurs via an initial losmiperature (350-400°C) reduction
of MoOs under H to partially reduce the structure, which introdsisear planes into
the orthorhombic lattice by selectively forminganayer vacancies (Figure 4.3). This
is followed by treatment in flowing hydrocarbonitdroduce carbon and stabilise an
intermediate MoGCy phase withfcc symmetry and lattice parameters of 4.1 + 0.1
A.1924 This hypothesised structure was later supportethégyretical calculations for
a structure of the oxycarbide fitting observed SAgternd®¥ The cell parameters
of the oxycarbide compare closely to those obsefeedhe fcc carbide a-MoC; .«
(4.24 R), however it is claimed that the decreaseli parameter is due to the high
ratio of oxygen to carbon, which leads to an inwgrsin the intensities of the
principal reflections ((111) & (200)). Moreover,ettphase was considered to have
superior catalytic properties due to improved geime constraints and
chemopotential that promoted the operation of aalaeyclobutane-type one step
mechanism.
In the previously discussed paper by Rodriguezabadt et al, the oxycarbide
argument is refuted in favour of a cubic Mo-O aetiphasé”! In micrographs
obtained from a spent isomerisation catalyst, dgtiserved that multiple Ma(bhases
are present and th&tc phase is present and found embedded as small gaggse
within the oxide matrix. Based on these TEM obsows as well as theoretical
calculations, it is postulated that the cubic M@aase is metallic in nature with cell
parameter 4.07 A. In the proposed mechanism, it @ a centre for the
dehydrogenation-hydrogenation, while the isomedsatis carried out via a
conventional bifunctional mechanism with the cadimn stabilised by acid MaO
sites. A similar argument is presented by Matsetdal?®?"! which is based on the

152



titration of acid sites on MoQOThe measurements were determined by ammonia-TPD

and 1-propanol dehydration.
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Figure 4.3: Proposed mechanism of formation of a sar plane in a-MoOj; via: (a)
reorganization of the oxygen vacancies in the (01@Jane; (b) reorganization of layers in the

(100) plane — adapted from*®! with the pemission of Elsevier.

In two studies by Schldgit al. the phenomenon of beam-induced transformation is
addressed with respect to the Mo§ystem?® 2! MoO; is observed to reductively
decompose to afcc MoO structure by a radiolysis enhanced diffusidroxygen
along the layer planes of M@(Figure 4.4), facilitating the formation of shear
structure in an epitaxial process. Energy loss nedge structure (ELNES)
spectroscopy supports a one-to-one Mo:O stoichignveltich pre-supposes the Mo-
O rock salt-like structure put forward by Rodrigu@attorno et al It is also
hypothesised that the lack of bulk-structure evagepoints to its presence as nano-

domains embedded in a larger oxide matrix.
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In an interesting study by Green al, the deactivation of MgC and WC in methane
reforming reactions is discussed with specific reiee to TEM data attained from
post-mortem samplé®! It was observed in the partial oxidation/steam aing
reforming of methane that the deactivation rateecééd the strength of oxidant;©
H,O =~ CQO,. The initially nanoporous carbides are highly digwved with multiple
stacking faults. After reaction, they exhibit armased structural order with regular
crystallites and terraces on which oxygen decorftestep edges. It is claimed that
this structural rearrangement is the cause of dedion via the formation of a

kinetically more hindered system..
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Figure 4.4: 'MoO' cubic phase formed by radiolytic mechanism under electron beam.

Reprinted from 2% with the permission of John Wiley and Sons.

4.2.2.5 XPS studies on MgC and reduced Mo systems

There is a great deal of literature relating to tpktectron studies of Mo-based
systems. This review aims to narrow the scope talyd& studies of particular
relevance and to studies which present findingsirget to the accurate assignment

and interpretation of peaks in our analyses.
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Mo presents a difficult system for analysis by XdR& the large number of potential
oxidation states, coupled with a number of more glem physical nuances in the
electronic structure found in the intermediate ak@h states. Molybdenum carbide
in this sense is a special case and is often egfar as a metalloid having mixed
covalent and metallic character. Nemoshkaleekal. determine that the valence
band of M@C is made up of two sub-bands of states that gaate in metallic
bonding and covalent bonding; the latter being @sieé to p-electrons, while the
metallic character is made up of contributions frma d-electron states with some
metallic bonding coming from theelectrond>!!

In the discussion pertaining to Mo metal, it iggkely accepted that a reasonable value
for the 3@, binding energy on a clean metal surface is ca.82270.1 eV Bz
Hufneret al.determine the singularity index (relating to thapasymmetry) for the
Mo core lines to ber = 0.12% and Minni et al. determine the FWHM of the metal to

be ca. 0.8.1%%!

Minni, Stair, Mcintyre and others have approachkd &nalysis of intermediate
oxidation states of molybdenum with varying residtse Table 4.1§3353742l|t can
be seen from the overview that the metallic pealgasnent is largely agreed upon,
as is the assignment for Mo(VI). However, furthesignment is less obvious. From
the literature pertaining to M@ in particular, the binding energy assignment2g.2
eV is consisterf! and by analogy it can also be considered to bsismmt with the
Stair model for shifts in the metallic binding eggmith increasing oxygen coverage.

Table 4.1: Assignments for Mo3d doublet peaks founuh the literature

Mo(IV) is defined in these cases as the unscreengalblet resulting from final state effects

Mo(0) Mo(ll) Mo(ll) MoO, Mo(IV)® Mo(V) MoOs
Minni 227.8 228.7 232.8
Stair 227.7 228.0 229.3
Mclintyre 227.8 228.2 229.2 230.1 231.2 232.7
Olefjord 227.9 229.5 231.1 232.7
Freund 227.7 229.3 230.9

For the remaining possible oxidation states, thguraent can be made that

assignment of various peaks must have some physieahing. From a chemical
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consideration, it can be expected that there ale Mn(0), Mo(IV) and Mo(VI). If
this is the case, then one must consider the $iteak effects related to Ma@hich
induce such a complex peak structure. Meinal. ascribe this effect of multiplet peak
splitting to the number of unpaired electrons. la®4, the Mo ions have a formal 4d
configuration that favours the 3d-hole-4d-electmoteraction which manifests as an
observed line-broadening relative to Mo(0). Thenasyetry of the Mo(0) and MoO
peaks is a direct result of the density of stal#&3g) at the Fermi edge, which is high
for the conducting oxide. This unusual conductidrerppmenon is the result of a

characteristic metal-metal dimerisation resultingnf a Peierls-type instabilit§/* ¢!

The edge-sharing chains of Mo octahedra that mpkéeistructure become distorted
46]

by the formation of Mo-Mo pairs (Figure 4 55

(a) o

(b)

(c)

> NIE)
Ignering
7 -bonding

Figure 4.5: (a) Schematic representation of the nife structure showing the Peierls
distortion allowing metallic bonding in MoO,. (b) origin of orbital overlaps for o,m &
0 states. (c) schematic energy level diagrams for MgQvithout and with 1Tt interactions

— reprinted from “®! with the permission of The Royal Chemical Society.
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This reduction in symmetry results in non-bonding-Kd Tt states that are free to
contribute to the Fermi edge. According to Scardoml., the resulting spectrum of
MoO; (Figure 4.6) consists of a pair of doublet pedksaa229.3 and 231 eV. The so
called ‘screened’ peaks at lower binding energresaaresult of well-screened final
states in which the core hole is filled by an itar@ conduction electron. This is in
contrast to the unscreened peaks in which theisschllevel remains empty. It is
proposed that the energy separation between teerssil and unscreened;dgeaks
(1.63 eV) is approximately equal to the plasmonrgnéoss ,which is measured for
MoO, by EELS" This interpretation therefore attributes the uesned peaks to
unusually strong plasmon satellite features of iMothe large observed FWHM for
this unscreened state is attributed to lifetimealdeming characteristic to the final
state screening process.

Mo3d
s = screened peaks
u = unscreened peaks

(a) MoO, cleaned ﬂ
)

238 236 234 232 230 228

Figure 4.6: MoO, multiplet splitting — reprinted from " with the permission of the

American Chemical Society.

The interpretation of these Mo3d spectra appeatsetmtrinsically different to that
given in much of the catalysis literature. It istewsorthy then to recall the binding
energy value given by Mineit al. for single crystal Mo@— 228.8 eV (Figure 4.7
Here we see that there is a distinct reductionhm wnscreened states, which can
perhaps be considered an indicator of a highly hetardered MoQ. Hence we see
that the assignment of XPS peaks for Mo specibglsly variable and dependent on
the atomic uniformity of the sample. Mo(IV) may bechemically valid oxidation
state but the observed electronic and physical @t@®s are extremely structure

dependent. A structurally well-ordered Mp@r MoO; for that matter) can give rise
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to Peierls-type distortions in the lattice, whigsults in the freeing up of conduction
band electrons. These electrons can subsequentensdhe electron hole pair
resulting in a large overall decrease in bindingrgn relative to the oxidation state

(Dwmo(0)-Moavy = 1.5 eVcf. Avo(o)-moviy = 5 €V).

o 3

Figure 4.7: Mo3d peak structures — reprinted from!®¥ with the permission of the Insitute

of Physics.
The reason for the subsequent broadening obseorethd unscreened peaks is of
course very difficult to quantify without good redace spectra or theoretical
calculations, but for our purposes may be modeked @road doublet, which is
acknowledged to contain information on the disoedeMo(lV) species that may or
may not be attributed to ‘Mo(V)’-type species.

Finally, it should be noted that an important iatiar can be obtained from valence
band spectra with regards to the observed inten$ito(IV) unscreened peaks. An
increase in DOS at the Fermi edge indicates a teginee of metallicity of Mo®and
therefore an increase in the ratio of screenedhsacneened peak areas.

4.2.2.6 Notes on Raman fitting for carbon peaks

A recent paper by Sadezky al. outlines a method for the spectral analysis of Bam
spectra obtained from carbon sampi®sparticularly pertaining to soot and related
carbonaceous materials. The method proposes themgesition of the spectral
features known in spectra of graphite-like materiat ‘D’ and ‘G’ bands. It is
proposed that the known ‘G’ band at ca. 1588cncorresponding to the ideal
graphitic lattice vibration with & symmetry is accompanied by 4 ‘D’ (defect) bands,
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which represent varying structural disorder and positional variation from the ideal
lattice. The principal D band is assigned to D1 apgears at 1360¢hcorresponding
to a graphitic lattice vibration with £ symmetry. This peak was supposed to arise
from the grapheme layer vibrations in the vicinipf lattice terminations or
heteroatom inclusions. A second peak, D2, relatethé graphitic lattice vibration
modes is found at 1620¢has a shoulder on the G band relating to a mode By
symmetry and is related to the vibrations of swefgraphene layers. The D3 band is
assigned to a broad peak at ca. 1500cand is proposed to originate from the
amorphous carbon fraction of soot by means of mixdmfations from organic
molecules, fragments and functional groups. Thal frand, D4, relates to a shoulder
commonly found on the D1 peak at ca. 1180cand is attributed to the Spp’
stretching vibrations of polyene-like structuregjufe 4.8 is taken from the paper by
Sadezkyet al. and illustrates the band assignments given folRaman spectra of a

diesel soot samplé®!

Although it is clear that such decomposition of Ranspectra is overly simplistic
model for the complexity of carbon materials, mgaovide a useful comparative tool
for carbonaceous species that have a significant@mous fraction. For these reasons
| have included interpretations of spectra obtaifredn post-mortem samples to
complement data obtained from CHN analyses and BHHD% spectra obtained for

the catalysts before and after treatment.

Chgmned specirum

15001 end curve fit I'ill

Ibansity (@)
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{a) Faman Shiff {orme )

Figure 4.8: The decomposition of Raman D and G barsd— reprinted from “8 with the

permission of Elsevier.
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4.3 Experimental

4.3.1 Raman studies

Raman spectra were obtained for the pre- and podem catalysts with the use of a
Horiba Jobin LABRAM microscope. Samples were predaas pressed wafers
(13mm; 1.5T, 2min) or alternatively by flatteningpawder sample between two glass
slides. All spectra unless otherwise stated weagerded for 60s with the average of 3
accumulations at a magnification of 100X using aRlam Olympus objective with an
aperture value of 0.9. The light sources was a 20H8ANe laser with\ = 632.8nm
and an observed power density of 3mW at the saralBbration of the spectra was
carried out by standard comparison with the phoexuitation at 521cm observed
for Si (111). Spectra were recorded between thgeswof 200 — 1000cth(Mo and V
oxide peaks) and 1100 — 1800¢nfcarbon D and G band excitations) using a
diffraction grating with 1800m#h. The principal laser line was excluded by the afse
a holographic notch filter (+ 150ch) from Kaiser Optical Systems.

Spectra of carbonaceous species were treated agiegk fitting method for the D
and G bands developed by Sadeekyl“®! Integrated peak areas are given only for
comparison between samples and for discussion pespo

Quasiin situ Raman spectra were obtained by the use of a cudésigned Sigcell
which is illustrated in Figure 4.9. For the measueats a pressed wafer (200mg, 3T,
10min) was used which was supported by,SMdol. The design of the cell allowed
for the sample to be heated in a tube furnace uresation conditions (gas flow,
temperature, educt analysis by GC) and periodicaftyoved to record Raman spectra
through a SiQwindow (2mm).

Gas outlet Gas inlet
valve T valve
Sample
|- wafer Laser
Thermocouple — - T~ path

].---

Figure 4.9:1In situ Raman cell design for the dehydrogenation of propze.
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4.3.2 XPS

In situ andex situX-ray photoelectron spectra were recorded at®$83 (Innovative
Station for In Situ Spectroscopy) beamline at theESBY (Berliner
Elektronspeicherring-Gesellschaft fir Synchrotroadgting) synchrotron facility in
Berlin using the high brilliance X-ray source oktlhindulator U49/2. All samples
were prepared in the glovebox at FHI-AC as pregsadders and mounted on to
sapphire sample holders. These were then trandfearthe sample chamber without
contact to atmosphere using a vacuum transfer apsarThe sample was mounted
ca. 2mm in front of a differentially pumped elestatic lens system mounted at 55°
relative to the incident X-ray beam. The electrensl| directed the photoelectron
stream to a commercial hemispherical electron aealy(PHOIBOS 150, Spec-
GmbH).

For in situ measurements, the sample chamber may be maintainedconstant

pressure < 5 mbar under flow conditions by the ofs&ak valves and mass flow
controllers. The gas phase composition is monitolgd a quadrupole mass
spectrometer (Pfeiffer 300) and a Micro-GC from igliar The sample is heated by a
laser, which is incident on the stainless steekinacplate of the sample holder, and
the temperature is measured by a type-K thermoeommunted across the sample

surface.

Ex situ spectra were recorded for each of the four frédb;{Vx).C (8425, 8478,
8447, 8486; x = 0, 0.03, 0.08, 0.11) samples atgositions on each sample. Survey
spectra at excitation energies of 1000 and 101G a step value of 1 eV were
acquired to correlate the Auger peaks. To gainhldegbrmation, scans were carried
out with different excitation energies to colletigtons of specific kinetic energies, in
this case 150 eV and 600 eV. For each energy rdfgsecans were acquired for the C
1s edge, the O 1s edge, the Mo3d edge and theed@p at a step value of 0.05 eV.
The Fermi edge was measured at each energy toctdorecharging phenomena.
Spectra were treated using SpecsLab™ softwarerfergg adjustment and scaling
before exporting to account for variations in pgakitions and variable photon flux.
Background subtraction (Shirley) and peak fittingswcarried out using CasaXPS™
software, and the peak assignments and parameters made with careful
consideration of the literature (to be discussBdJative surface compositions were
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determined by normalising the integrated peak agifls a factor derived from

physically measured parameters:

p B Area
T€Anormalised — CS x (1 + AP x 0.5065) X Flux

Where CS is the energy dependent cross-sectidmecglement, AP is the asymmetry
parameter, and the Flux is the measured energyadepéphoton flux.

In situ XPS measurements were carried out ovep@®110000) with the use of a
reference material, MogAldrich). The MaC pre-pressed wafer (50mg, 8mm; 1.5T,
5min) was initially measured at the Mo L edge, @dge and O K edge under UHV
conditions for survey purposes. Following this, tb@mple was reduced in,H
(0.3mbar, 5sccm) by ramping the temperature at MdiCto 600°C and holding for
10 minutes before cooling to a working temperatafe500°C. After reduction,
spectra were acquired under flowing &t the Mo L edge, C K edge and O K edge at
constant kinetic energies of 200eV and 600eV. Feaige spectra were acquired to
account for energy shifts. After reduction, the pmwas exposed to a flowing
reaction atmosphere of3Bs/COx/H, (0.3 mbar, 1.25/1.25/2.5 sccm) at 500°C and
spectra were continuously acquired at 3 x KE = @0QMo L edge, C K edge, O K
edge, FE Mo & FE O edges) and 1 x KE = 600 eV (Medge, C K edge, O K edge,
FE Mo & FE O edges).

The experiment was repeated with a fresh sampleruthé same conditions of pre-
treatment in a C-rich, oxidant-free atmosphere. Gbeditions applied were under
flowing CsHs/He/H, (0.3 mbar, 2.5/1.25/1.25 sccm) at 500°C. Spectaeewecorded

continuously as in the previous experiment.

433 TEM

TEM characterisation was carried out for selectaohes of the precursor oxides
(6600 —h-M00O3, 6697 — h-M@.92V0.0803) as well as the freshly prepared (M¥/«).C
carbide series (7484 — MO, 8447 — (M@.92V0.09)2C). Post-mortem analysis was
carried out for samples that had been treated uGgtég/H, (11004, 11006, 10996)
and for samples from the oxide series that wergestdal to temperature-programmed
reaction under HC3Hg (11196, 11197, 11211).
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Using a combination of selected area electronatition (SAED), energy dispersive
X-ray (EDX) and electron energy loss (EEL) spectogses, as well as high angle
annular dark field-scanning transmission electraarescopy (HAADF-STEM) and

high resolution (HR) microscopy techniques we wabde to investigate the local
crystal structure, the elemental composition in bék, and near surface regions of

the material.

Transmission electron microscopy (TEM) investigatwas carried out with a
Philips CM 200 FEG (Philips, Eindhoven, The Netaeds) TEM-operated at 200 kV
and equipped with a Gatan Image Filter (Gatan, @walale, PA) and a charge-
coupled device (CCD) camera. HAADF-STEM and HRTEMeistigations were
carried out on a TITAN 80-300 (FEI) equipped wit€s-corrector.

4.4 Results and discussion

4.4.1 Raman studies of fresh and used catalysts

Raman spectra of the passivated carbide serieshamen for the range 1100 — 1800
cm™* (Figure 4.10). The spectra are baseline correaédhow no evidence of bulk C

deposition.
4007 #8425 Mo,C
3007 #8478 (Mo, V. ) C
. a7Vo.
<< 2004
> #8447 (Mo__ V. ).C
% 100-
E #8486 (Mo__ V. ).C
O g 1Y A el a4 i b bt

1100 1200 1300 1400 1500 1600 1700 1800
Raman shift / cm™

Figure 4.10: Raman spectra of freshly prepared carides
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For Raman spectra recorded in the range 200 — 1ib0dt is observed with all
carbide samples that there is no initial peak stingcand with time under the laser
light, broad signals begin to evolve at ca. 800dndicative of Mo=0. However, it is
concluded that these peaks are due to the locdhtiain of the sample and not due to

an oxycarbide overlayer.

Table 4.2: Mo(V),C samples treated under G/H,,

Starting Phase Temp  C before C after
Catalyst material (XRD) V/(Mo+V) Treatment (°C) (wt.%)  wt.%
Mo,C 8425 Mo,C 0 Ho/CsHg 550 5.2 9.2
Mo,C 8478 Mo,C 0.03 Ho/CsHg 550 5.2 10.7
(MoV).C 8447 Mo,C 0.08 Ho/CsHg 550 5.1 9.7
Mo,C 8486 Mo,C 0.11 Ho/CsHg 550 5.3 9.2

Figure 4.11 shows the normalised Raman spectraeoDt and G bands for (Mo

xVx)2C samples post-catalytic treatment at 550°@/CsHs — see Chapter 3). For all
samples there appears to be a carbonaceous ovevidyeh is reasonably amorphous
by consideration of the very broad D and G bandrlape This overlap can be
attributed to the contribution of a broad D3 pedkioh arises due to the combined
vibrational intensities of amorphous carbon mateitias possible to determine slight
differences throughout the series of (M@).C, however it is not practical to carry

out comparative analysis due to the uncertaintghred in background subtraction.

A comparison between post-mortem samples was daouw for MaC (9540) that
has been treated inoC3Hg (DH), Hy/C3Hg/H2O (H,O-DH), Hy/C3Hg/CO, (CO»-DH)
and H/CO; (RWGS). The spectra show that the samples treatddr propane have
gained an overlayer of carbon as seen in Figur2 4lie samples show an increasing
level of amorphous character in the order: 9969909%< 9886. The samples treated
under CQ and HO (9965 & 9990) show a significant increase in gap character
cf. 9886, which was treated undejHg only (Figures 4.12 & 4.13)
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Figure 4.11: Raman spectra of MgC after treatment in CsHg/H, at 550°C.
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Figure 4.12: Raman spectra of MgC after treatment under various atmospheres at 55@.

We can speculate that the formation of carbonacspesies on each surface is either
the result of differing formation mechanisms or iherease in graphiticity is due the
preferential destruction of more reactive disordecarbon under the influence of
steam or CQ It is interesting to note that the carbide trdat@der the influence of
CO; exhibits a higher degree of graphitic charactantthe sample treated undeixH
despite the similarity in oxidising potential of €@s. HO % From the spectra it
would appear that the sample treated under RWG3Hitamms (9999) shows no
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deposition of carbon, with the exception of whayrba a peak at ca. 1180¢mCHN
analysis confirms that there is minimal carbon &#@pmmn over the course of reaction
(Table 4.2)
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Figure 4.13: Raman spectra showing D and G band p&ditting for Mo ,C treated under:
(@) CaHg/H,/CO,, (b) CsHg/Ho/N, at 550°C.
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Table 4.3: Carbon deposition over MgC in various atmospheres at 550°C.

996& 999( 988¢ 999¢

Precursc 945( 945( 945( 945(

Phas Mo,C Mo,C Mo,C Mo,C

Pretreatmel H,/CC,/CzHg H,/H,O/C3zHg H,/CzHg H,/CC,

Temp. (°C 55C 55C 55C 55C

C content (% 7.7 8.2 8.5 5.7
D1 positior 133¢ 133¢ 134¢ -
D1 Aree 70 71 70 -
D1 FWHM 12€ 14E 19E -
D2 positior 161: 161¢ 1612 -
D2 Aree 8 8 11 -
D2 FWHM 29 33 52 -
D3 positior 1534 153¢ 1531 -
D3 Arec 5 6 12 -
D3 FWHM 101 99 141 -
D4 positior 115¢ 1171 117C -
D4 Aree 2 2 1 -
D4 FWHM 63 49 41 -
G positior 159(C 159¢ 157¢ -
G Arec 15 13 6 -
G FWHM 46 48 55 -

4.4.2 In situ Raman

In situ Raman spectroscopy was used to evaluate theimealdeposition of carbon
on the surface of M& during reaction under #C3Hg and H/CO,/CsHg. In both
cases it was observed that the deposition of surdacbon correlated with a strong
deactivation of the hydrogenolysis reaction pathwayFigure 4.14(a) it can be seen
that the relative formation rates opiy and GHes remain constant over 20h reaction
time, whereas the formation rate of £ahd GHg decays exponentially over time to
less than 25% of initial activity within 4h. Simaifteously, it can be observed in the
Raman spectra (Figure 4.14b) that the D and G basdsciated with carbon
deposition are already formed within two hours edibning the reaction.

It is reasonable to assume that the hydrogenolgsistions are correlated with the
mechanism of carbon deposition on the surface efctitalyst, and that the initially
high activity is reduced by blocking of the hydragéysis sites by carbon. In contrast,
it is observed that the dehydrogenation of C3H&3H6 remains relatively constant
implying that the catalytic sites active for dehygenation are not those sites that
facilitate hydrogenolysis.
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Figure 4.14:In situ Raman experiment. Figure (a): relative product fomation rates over
time; (b) Raman spectra showing evolution of D an& bands from carbon deposition. T =
500°C, GHg/H,/N, = 20/55/25, total flow = 20 sccm.
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4.4.3 XPS studies

4.4.3.1 Ex situ XPS of MoV carbide catalysts

Ex situanalysis of a series of 4 catalysts of the form {Ig).C was carried out at
the ISISS beamline at BESSY. The freshly carbursssdples were transferred to the
sample chamber without contact to atmosphere tmmeathe surface of the carbide
materials without pre-treatment. In Figure 4.1% o 3d edge is shown at two
different kinetic energies — 150 eV and 600 eV +#easponding to an information
depth of approximately 1nm and 2nm respectivelgdeding to the ‘universal curve’
— Figure 4.16PY The peaks were assigned following careful conafitem of the
literature for M@C and Mo metal and Mo

For the freshly carburised samples, there is nemwhson of metallic Mo (227.8 eV)
under the conditions applied. Instead, a doubleb&served with 3¢l peak centred at
228.2 eV, which is assigned to Mdand is found to be self-consistent throughout all
the analyses. In the absence of any literatureeferance materials, these peaks are
modeled with mixed Gaussian-Lorentzian (30:70) fioms and are found to have a
reasonable FWHM (0.4 - 0.8). The next doublet Ithg Beak centred at BE = 228.8
eV and is fitted with asymmetric peak function coiegd of a Doniach-Sunjic/GL
convolution. This peak is assigned tentatively tm@ybdenum oxycarbide species,
which is supported by the findings of Otatial® It is observed in a single crystal
study of M@C(0001) that the partially oxidized surface exlsitzain enhanced DOS at
the Fermi edge that persists at temperatures <GZBiis metallic MoOC doublet
peak is accompanied by a broad doublet with,3entred at ca. 231 eV, which is
assigned to the unscreened MoOC peak, a catctatdlwhich accounts for shake-up
and final state effects. The final doublet (in ttese of KE = 150 eV) has as3d
centred at 232.7 eV and is assigned to the Mo(Xifjation state.
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Figure 4.15: Mo3d XP spectra of as prepared Mg (#8425) at: (a) 200 eV kinetic energy;
(b) 600eV kinetic energy.

170



1000

-
=]
o

M [menatayers)

-
L=
T

Electron energy (V]

Figure 4.16: The ‘Universal Curve’ for determining the inelastic mean free path of

electrons through a solid — reprinted from®Y with the pemission of John Wiley and Sons.

Figure 4.15 illustrates the Mo3d peak fitting comg@n for the freshly prepared
Mo,C sample (#8425). It can be seen from the obsditsethat the surface of the
carbide is rich in oxygen but remains in an ovemradluction state below MaOThe
spectra taken at higher kinetic energy indicat¢ tihe@ subsurface is mostly carbidic.
C1s spectra of the carbides series shown in Figuré show two distinct maxima at
ca. B.E. = 285 eV and B.E. = 283.3 £ 0.1 eV,whielate to surface carbon (C-C, C-
H) and carbidic carbon (Mo-C), respectively. Theapa recorded with K.E. 150 and
600 eV indicate that the surface is dominated byeatitious carbon with respect to
the lower surface, and that with increasing V-cahtihere is a larger contribution
from free carbon species at the surface and irstbbsurface. It is also observed that
the carbidic component of the C1s spectra is shlfteca. 0.3-0.4 eV, which could be
attributed to a contribution of VC (B.E. = 282.2)eViowever, the shift is within a

margin of error.
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Figure 4.17: C1s spectra of (Mg,Vy).C at (a) 150 eV (b) 600 eV.

Quantification of the surface composition with respto the observed Mo content
(Figure 4.18) shows an increasing surface fraatiboxygen and carbon species with
increasing bulk vanadium content. In Figure 4.18agppears that the immediate
surface layer is highly enriched in V as well (V/M®.5 for #8486-11Vc). At higher
energies (K.E. 600 eV) the concentration of vanadis more reflective of the
measured bulk value, however, an increase in stdzsurcarbon is observed in
comparison to the undoped M These observations suggest that the formation of
the carbide has either resulted in mobilisatiothef V atoms towards the surface or
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that the initial growth of dislocation defects peed preferentially along V-rich seams

in the precursor lattice.
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Figure 4.18: Variation of surface composition of feshly prepared carbide with respect to
vanadium content.
The quality of the V2p spectra obtained (FigureQftdre not sufficient for a detailed
fitting procedure, but a qualitative analysis o¢ theneral features indicates that the
primary structure consists of a broad doublet eshat 3g, ~ 515.8 eV. Comparison
with energies reported in the literature suggebkts the V atom is in a reduced
oxidation state such as found in®.5? However, inspection of the peak edge at

lower binding energies suggests the contributioa afore reduced phase, such as a
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carbide/nitride as well. By comparison with a stwdyried out by Freunet al® the
vanadium peak can tentatively be assigned to a Y@ compound. The presence
of vanadium as vanadyl species in the structuedsis seen in EEL spectra obtained
in the following TEM study. This is not unexpectedhen one considers the high
temperatures (ca. 900°C) required to form VC by TRPourisatiorf®*!

0.6- 516 eV
Ky
150 eV K.E. g of@&?i;@ #8486 - 11V
%o%;f 8 M §§ :%% &9%;0&5"%0 : o 0?%0
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< .
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Figure 4.19: V2p edge of (M@, Vy).C catalysts.

4.4.3.2 In situ XPS

In situ XPS analysis was carried out at the ISISS beanainBESSY. The sample
investigated was pressed to form wafers and sulesélgurecarburised before

mounting in sapphire sample holders.

For the first experiment, the spectra recordedreedmd after bipre-treatment can be
seen in Figure 4.20. The main observed differeadn the C1s spectra where it can
be seen that the peak at 285 eV relating to alipleatbon is vanishing. This loss of
surface carbon could account for the decreasetengity for the Ols edge around
531 eV from C=0 species. The peak at B.E. = 28%3can be assigned to the
carbidic species. As a result of the double-cagation, the Mo3d edge of the initial

sample shows little change aftes tleatment at 600°C.
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Figure 4.20:1n situ XPS of Mo,C before and after H2 treatment recorded at KE = 20eV.

Product formation was observed during the coursesa€tion under §Hg/COy/H;.
This was in keeping with the observed reactivignirplug flow experiments outlined
in Chapter 3. Due to the nature of the analytics,atl reaction products could be seen
by GC. For instance, it was observed that thecbhcentration strongly distorted
some peaks such assHg preventing their accurate detection. However, #sw
possible to measure peaks for CO, ,G@G0Ad GH4, which correlates strongly to the
evolution of GHg as a dehydrogenation product. Thus, it is observ&igure 4.21(a)
that the initial rate of formation of s, decreases inversely to the rate of CO
formation via reverse water-gas-shift. The iniilrease in r(CO) coincides with a

decrease in the Ols peak (Figure 4.21(b);+edyreen). The next spectrum att =
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14:12 (green— blue) decreases slightly as the r(CO) appearsvial bff. After some
time, the rate of CO formation has decreased aedQhs peak has regained its
original intensity. The Mo3d and C1s peaks are attaristic of the reduced MO
throughout.
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Figure 4.21:1In situ XPS of Mo,C (#10000) — (a) normalised product formation rateover
time on stream under H/C3Hg/CO, (2:1:1); (b) evolution of O1s peak with time on seam.

Due to the relatively high partial pressure ofthle carbide remains in a reduced form
despite the oxidising CO This observation supports the theory that an emryg
moderated carbide phase is more active for thedlelggnation of alkanes. It is also
interesting to note that there is no observed lwhilainge during the RWGS. 1t is
expected in this case that the overall degree adiaon influences the rate of CO

formation via the dissociative adsorption of D the oxygen-starved surface.

The second experiment was carried out under arfigwwtmosphere of {Els/He/H,
(2:1:1) after a H pre-treatment as described earlier. The originedigh of the
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experiment aimed to study the effect of a rich logdrbon stream over the catalyst to
observe carbon deposition and propane activatiothenabsence of oxidising feed.
However, during the course of reaction it was obEthat the surface of the carbide
became progressively oxidised (Figure 4.22). It Viiaglly determined that the
oxidation of the sample was not due to externdlierfces (i.e. leak) but came about
from the mobilisation of residual oxygen in carbid@rating to the surface. This was
observed for this reaction and not for the previoeaction, because the relative
concentration of hydrogen was half of that used/ipusly and below the critical
concentration required to maintain a reduced sarfadtie resulting slow oxidation
coupled with the observed product distributions rotmme illustrates a picture of
surface reactivity with respect to surface oxidatim Figure 4.22 a selection of the
Mo3d spectra recorded situat K.E. = 200 eV are shown. The peak assignmerts a
positions are outlined in Table 4.4. As has besoutised in the literature review, the
reliable and accurate assignment of peaks in suchubiplet structure is very
difficult. The complex electronic nature of molybuen suboxides prevents their
exact determination and instead attempts have begle to present a self consistent
pattern of fitting for the data that may be gaugedinst the observed reactivity as
monitored by MS and GC.

As is consistent with the literature, metallic (W@nd carbidic (MB) peaks have
been assigned to 3d= 227.8 and 228.3 eV respectively. Mas divided into two
separate species; the metallic, screened peaksat<3829.3 eV and a contribution
from the unscreened states which accounts whiobsgerved as a very broad doublet
with 3ds2 = 231 eV. Finally, a small contribution of intensapserved to at Mo3g

= 232.7 is attributed to Mbbut it should be noted that this may also coineiité a
shake-up peak of Mg227.8 + 5.1 eVF®!
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Table 4.4: Evolution of Mo3d peak positions (KE = Q0eV) over time during in situ XPS in

CaHg/Ho/He.
Run#  Time (hh:mm) MY Mo"  MoY(S) MdY(U) Mov*

1 0:50 227.77 228.31 229.40 231.20 232,60

1:24 227.78 228.28 229.35 230.90 232,60
3 1.57 227.78 228.28 229.31 230.90 232,60
4 2:48 227.78 228.26 229.27 230.94 232,60
5 3:21 227.80 228.31 229.37 230.98 232,60
6 3:54 227.80 228.29 229.35 231.20 232,60
7 4:45 227.81 228.29 229.30 230.95 232,60
8 5:19 227.83 228.29 229.30 231.02 232,87
9 5:52 227.86 228.35 229.31 230.97 232)79
10 6:43 227.84 22821 229.28 230.94 232{74
11 10:41 228.00 228.39 229.29 230.98 23278
12 11:12 228.00 228.31 229.25 230.95 232|74

Std dev. 0.08 0.04 0.04 0.10 0.10

The observed changes in surface oxidation are septed by the peak integrals
plotted over time (Figure 4.23a). It is observeat the metallic and carbidic character
of the surface is slowly oxidised over the firsufchours with a steadily growing
contribution from M&’ (screened). At around four hours the oxidativevession is
rapid and results in a large increase in the uese@ M4’ doublet. The
corresponding picture of the surface reactivityrapresented in Figure 4.23b. The
initial rate of GHg formation is high and drops as the formation rate€,H, and
C4Hs increase rapidly between t = 0 and t = 2h. Thesembinative hydrocarbon
formation products (8Hs and GHg) are observed to decrease again at t = 5h and t
4h respectively. From this we can deduce that tkelation of the surface is
detrimental for this mechanism of reaction (alkgh& recombination). Also, because
the GH,4 deactivates at a later time than thgHg; it is likely that the mechanism of

product formation is slightly different for eachusd.

If we consider the valence band (VB) spectra reedrduring then situ run we can
gain some more insight into the mechanism of reactin Figure 4.24a the VB
spectra are shown for the course of reaction with final spectra displayed at the

front.
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Figure 4.23:1n situ XPS — (a) Mo species over time as determined by Md®eak areas. (b)
Stacked area plot of oxidation states overlaid witlselected relative product distributions.
It can be seen that throughout the reaction tiseaenion-zero DOS at the Fermi edge,
implying that the system remains metallic in chesacHowever, the VB spectra
show a decreasing electronic density at stateg ¢toghe Fermi edge, and in the final
spectra it can be seen that the overlap betweeMd#el and O2p bands is strongly
decreased to the point that the bands are aimegetk.
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Figure 4.24:In situ XPS — (a) valence band spectra of #10000 over tira stream. (b) Plot

of cross sections taken from 0.5, 1.5 & 2.5 eV frothe Fermi edge compared with

normalised rates of GH, and CyHs.

In Figure 4.24b, a cross-section is taken throlgh\B spectra at B.E. = 0.5, 1.5 &
2.5 eV to give a picture of electron density at fleemi edge, the Mo4d state, and at

the overlapping region between the 4d and O2psstate
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The result is that while the DOS at the Fermi ey eV) remains unchanged, the
electron density in the Mo4d VB decreases strofrglyn t = 05:00-06:00 in concert
with the observed £, formation. Moreover, the separation between theld/and
O2p states occurring from t = 04:00, is observecbincide with the decrease inks

formation rate.

4.4.4 TEM study of Mo/V materials after reaction in fAC3Hg

TEM characterisation of the precursor oxides arelgrepared carbides is presented
in Chapter 2 of this thesis and will only be refered briefly in this section. The post-
mortem studies refer to the (IM@/x)2C materials after HCsHg treatment and also to
theh-Mo1.4V«O3 after temperature-programmed reaction #03Hs.

4.4.4.1 (Mo14Vx).C after GHg/H,

The post-mortem analyses of (Md).C materials using HRTEM after reaction
reveal significant changes in both the surface stnactural features of the catalysts
after reaction. From the HRTEM images, we can olesarvariety of morphologies
including densely-packed particles as well as psragglomerates with particle
domain sizes 5-15 nm (Figure 4.25). It can be dmerthe contrast that in the
immediate surface of the patrticles is a layer afskly ordered carbon covering the
particles. The overall morphology is not signifidgrdifferent from that observed for
the as-prepared carbide, but there appears to rmesopaspect to the agglomerate

structure.

Structurally the changes are more profound. By pw{RD, onlyhcp -Mo.C is
evident in the diffraction pattern, however, itolsserved in the SAED of individual
domains that there is algeMoC;. present in the sample (Figure 4.26). These cubic
sub-domains appear to be integrated within the imatf the bulk carbide and
potentialy come about via a high temperature aflisation of the surface
oxycarbide layer, which was seen to prevail inXi& spectra of the freshly prepared
carbides. This surface restructuring also appearbet more prevalent in the V-
containing samples which have a higher concentraticcurface oxygen.
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Figure 4.25: TEM images of 11004 — post mortem sargp of Mo,C after H,/C3Hg

treatment.
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Figure 4.26: SAED of 11004 showingr-MoC 1., phase reconstruction.

Analysis of the local elemental composition by eyedispersive X-ray (EDX)
spectroscopy was carried out for the Mo¥samples in the microscope. In this case,
exact determination of the element ratios was caatgld by the fact that a low
energy Mo M edge interferes strongly with the carlboedge which is necessary for
quantification. It is observed that the Mo M edgeonly sometimes present, which
may be due to orientational effects.

Overall, semi-quantitative information can be oféal using sophisticated

background subtraction techniques (see above}heudetermination of carbon tends
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to be under-represented. The carbide samples raetion, as seen in Figure 4.25
and Figure 4.27, exhibit visible heterogeneity, ahhis apparent from the EDX
spectra. Figure 4.28 shows considerable deviatidha EDX quantification collected
at three spots with respect to carbon content.pbt 4, the sample appears to be
carbon poor while in spot 3, we can see that theestre is carbon rich. This induced
structural and compositional heterogeneity appéarbe linked with areas dicc
MoCix tending to exhibit higher carbon contents. Howgverwas not deemed
worthwhile to collect statistical data given thgapent inhomogenous nature of the
material and the difficulty in quantifying spectra.

Electron energy loss spectra (EELS) were obtained the samples to give
information about the chemical states of the eldmpresent in the matrix. As can be
seen in Figure 4.29, the Mo M edge is rather biaradl has a small feature (M 4,5) at
ca. 227 eV and further features visible at 393 4t@leV (M3 ,M2). A large peak was
observed for the C K-edge, which is indicative loé presence of §ponded carbon
that is in agreement with Raman spectra discussedopsly. The final feature of
note is the doublet peak observed at ca. 515 eth®Y L-edge. As was observed for
the ex situXPS the energy range of the®3geak suggests that the vanadium is in a

intermediate oxidation state reminiscent of V=0.

Figure 4.27: TEM micrograph of EDX area for (Mog.¢V0.092C (#10996).
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Figure 4.28: Graphic representation of EDX spectraas received for Figure 4.27 with
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Figure 4.29: EELS spectra of (M@.0V0.092C (#10996). The major energy edges are assigned
to Mo-Medge, C K-edge and V L-edge.
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4.4.4.2 h-Mo,V, 05 after GHg/H>

In contrast to the post-mortem carbides discusdeneg the Mo/V oxides were
carburised under reaction conditions with propaater than methane and form
preferentially thdcc a-MoC.x carbide phase. As is discussed in the introductiuh
in Chapter 1,fcc a-MoCi.x is a metastable carbide phase and exhibits variabl
occupancy with respect to C and O. The latticepatear ofa = 4.23 A is very close
to the values between 4.0 — 4.2 A, which are assigariously in the literature to the
‘MoOxC,’ and ‘MoO’ oxycarbide and cubic oxide phases toiclwhit bears
remarkable similarity. Overall, the parent morggy of the post-reaction oxides is
retained in a pseudomorphic fashion as is obseuvetthe carburisation process. Due
to the reported topotactic nature of the transfaonaMoO; — a-MoCix ,the
received crystallite domains are very small (tyfyca< 5 nm) and form a mesoporous
agglomerated material as seen for sample #11211 in

Figure 4.30. Although it is observed that the saraigely consists dtc a-MoCj_x
it is evident from SAED that there is alsop S-Mo,C present as well as MO

Figure 4.30: Post-TPRh-Mo0g goV.1103 (#11211) showing pseudomorphism.
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Figure 4.31: SAED ofh-M0g.97V0.003 (11197) post TPR under K C3Hg showinghcp carbide

phase.

Figure 4.32: SAED ofh-M0ggoV0.1103 (11211) post TPR under K C3Hg showingfcc carbide

phase.
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Figure 4.33: SAED ofh-M0ggoV0.1103 (11197) post TPR under HHC3zHg showing MoG,

phase.
Figures 4.32-4.34 show SAED patterns indicativeMi>C, MoC,.x and MoQ
structures, exhibiting the dynamic reconstructioh tike precursor oxide under
rigorous reaction conditions to give various pha3ég structural dependency on the
reactive hydrocarbon is discussed in Chapter limtearly illustrated here. Due to
the meta-stable nature of tiiec a-MoC;.x, the hcp carbide may be formed due to
excess local heating or is formed concurrently wlita cubic phase in local regions

due to mass transport limitation of the initialwetion.

It was noted in Chapter 2 that the carburisatioMofV precursor oxides resulted in
formation of ribbon or fibre-like morphologies irhe resultant carbides. This
phenomenon is also noted in the case of the TRRealrsor oxides. As can be seen
in Figure 4.34, a high aspect-ratio crystallits sih the edge of the holey carbon film
and distinctive ribbon-like features surround adsebre. As was observed for the
TPR-carburisation samples in Chapter 2, the fiowas along the length of the

(presumableg-axis from the parent oxide.
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Figure 4.34: (left) STEM-HAADF image of post-TPRh-Mo0ggeV01/03 (#11211) showing

fibrous structure. (Right): TEM image of same.

The carbon content of the TPR samples as determaye@DX spectroscopy is
observed to be quite high in comparison to thecktometric carbide. Due to the
highly dislocated nature of thiec structure and higher relative surface area (see
Chapter 1 and 3), the post-reaction oxides apmeaupport higher levels of carbon
depositioncf. the post-treated M@ samples. In Figure 4.35, EDX spectra taken
across a larger particle surrounded by smalleighestshows the smaller particles to
be saturated with carbon (70-80 at.%) and it alBows strong variations in the
vanadium content. To confirm a suspicion that thgations in vanadium content in
this sample H-MoooV00303) originate from the poor statistics/background
subtraction for vanadium, the same particle wapanted using STEM-HAADF with

element-specific filtering to give an elemental njgjgure 4.36).

As can be seen the elemental distribution acrasgdéhnticle is quite homogenous and
as seen in EDX, the particle appears to be satuvaite carbon. EELS spectra of the
post-TPR oxides (Figure 4.37) show a doublet fer ¥thL-edge with 32 centred
around ca. 516 eV. Inset in the figure is a refeeespectra for V=0 which shows a
similar excitation energy. This assignment is atstine with the observed oxidation

state of vanadium in the prepared and post-reaMiofV carbide series.
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Figure 4.35: EDX spectra of a selected area of pe$P R h-Mo¢ ¢7V0.003 (#11197)

500 nm

Figure 4.36: STEM-HAADF micrograph of particle in Figure 4.35 (upside down) showing
elemental distribution.
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Figure 4.37: Vanadium EELS spectra of post-TPRh-Mog Vo003 (#11197). Reference

EEL spectra in lower right reprinted with the permission of Willinger/!*®

4.5 Discussion

4.5.1 Raman microscopy studies

The use of Raman microscopy for observing freshlpided surfaces is of limited
value due to the absence of spectroscopic infoamatt was observed in the region
200-1000crt that bands began to evolve around 806writh irradiation time, and it
is concluded that even at low power, Moas prepared is beam sensitive.

The principle use of Raman microscopy in this stigdyo monitor and characterise
the deposition of surface carbon following the bestds exposure to the reactant
atmosphere. In this case, we observe two distimmtles of deposition. In the first
instance, the reaction of propane indver the surface of M€ results in a relatively
amorphous carbon with a strong and broad underlpigeak at ca. 1500¢th As
was determined in the previous chapter, this caibdhe result of overactive total
hydrogenolysis resulting in the deactivation of siueface by bulk carbon build up.

In contrast, the carbon formed by the treatmentMuf,C in Hy/C3Hs/H2O or
H./C3Hs/CO, is formed under an oxidative environment and tbtadrogenolysis of
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the propane is not observed. In this case, theocabconsiderably more graphitic in
nature. However, more information is required tokemaan analysis of this

mechanism.

45.2 XPS studies

It was hoped to gain insight into the coking precéy XPS studies. However,
throughout all the attempted experiments, there neagbserved carbon deposition,
likely due to the reduced pressure of thesitu XPS at ISISS. Despite the lack of
coking, or possibly because of it, we are ableremwcha clearer picture of the reactivity

of propane over molybdenum carbide/oxycarbide sedga

Ex situ XPS results for the as-prepared Mof¥)catalysts show the surface of the
carbides to be a relatively disordered array of a@and O (see Figure 4.38). On H
activation, the surface carbon is largely removat resulted in a partially metallic

surface.

Mo,C as synthesised by TPR-carburisation
- Surface carbon present in varying amounts

4 LB

Mo,C after H2 activation treatment to remove C
- some Mo(0), carbon deficient

el

Activated MonC after exposure to trace oxygen
- Mo present in various oxidation states

Figure 4.38: Mo,C surface model.

The inclusion of vanadium is seen to increase #wellof surface C and O

significantly (Figure 4.18) and it was observedttli@e surface was enriched in
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vanadium relative to the bulk. The increasingly-@arbidic nature of the (Mo
xVx)2C surfaces can be attributable to the increaseebbiiity of V relative to Mo
which serves to decrease oxygen mobility in thedsdhis is observed in thex situ
XPS as V=0 species.

In thein situ XPS experiments, the surface of the active carbitier the reaction is
observed to be supplied with residual oxygen fréwa bulk, which is subsequently
trapped and forms an oxidic layer. The evolvingae catalyses the transformation
of propane with an initially high relative rate, i is observed to drop after a short
time on stream as the formation rate eHgand butanes increase (Figure 4.39)
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Figure 4.39: detail fromin situ XPS experiment of G/H,/He over Mo,C (Figure 4.23).

This observation is consistent with the notion ofrexombinative hydrocarbon
formation mechanism as put forward by Tysoal*® The initial surface under these
conditions is observed to catalyse the dehydrogenaif propane to propylene. As
the surface slightly increases in oxygen concenotrat becomes more active for the
dissociative adsorption of propylene. During thimé (t = 00:30— 01:00),
propylene titrates the catalyst surface forming rzbunethylidene and ethylidene
species, which recombine with each other and witttase bound atomic H to form
C1, C2, C3, and C4 species. As seen in Figure 4h24formation of eH, and C4
species do not precisely mirror each other. Then&tion of GH, is partly due to
hydrogenolysis and partly due to the recombinativgdrocarbon formation

mechanism. As can be seen in the valence bandraptdat strong mixing between
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the Mo4d and O2p states begins to decline at €04:00. At this point the activity
for recombinative hydrocarbon formation begins ¢crease.

45.3 TEM studies

From the TEM studies of pre- and post-mortem catalyit is clear that surface-
restructuring and to a certain extent bulk-restrting occurs upon heating in reaction
conditions. It is well known thatcc MoC;.x is a metastable phase that may be
transformed on heating to MB.5" However, in the case of Mo(3g, we see that the
reverse is also true in this case and that theracti propane on the carbide induces a

structural rearrangement to form MpGsub-domains.

From the TEM imagery of the carbide materials théseevidence of carbon
deposition and carbon rich areas, but there isuggestion of large-scale elemental
segregation between Mo and V. The post-catalytiteneds are distinctly more
heterogeneous compared with the freshly prepardades and the microstructure is
observed in some cases to be densely packed, whdéher areas there is visible
mesoporosity. The local distribution of carbonlgabserved to be non-uniform but
is difficult to quantify exactly due to signal imterence.

In the case of the post-TPR oxides the materi@seaen less ordered. Due to the use
of propane as a carburising agent, the structureegularly bloated with carbon-rich
areas and the material exhibits an array of micugsiral characteristics.

4.6 Conclusions

Using Raman microscopy, adventitious carbon wasrobd to form on the surface of
the catalyst which selectively blocked sites thaterav active for the
hydrogenolysis/cracking of propane to lighter males. The nature of the carbon
species was dependent on the reaction conditiothsvas found to evoke a higher’sp
character (less amorphous) with a co-oxidant fee@( CO).

From ex situ XPS of the freshly prepared carbides the oxy-carhicture of the
surface layer is apparent and it is also obsermethe V-containing materials that the
surface layer is enriched with vanadium in the fafV=0. Results ofn situ XPS
experimentation reveal a strong dependency of éta@ytic activity with the surface
oxidation state of the carbide. Dehydrogenatiopropane was observed to increase
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with an increasing oxidation state, whereas foramtof C2 and C4 products is
favoured by an increased electron density at thenFedge. No formation of
adventitious carbon was observed.

The comparison of pre- and post-mortem carbiddysasashows considerable surface
rearrangement and carbon deposition. Selectededeetron diffraction (SAED) of
the freshly prepared carbides is indicative lafp S-Mo,C with agglomerated
crystallite morphology. After reaction, the catadysare observed to be quite
heterogeneous with regards to carbon depositionsandttural rearrangement. The
SAED reveals a mixture dficp f/-Mo,C as well as the presence foat a-MoC;.«

however, the powder XRD shows ofyMo,C.

Post-mortem analysis of the oxide precursors R in H/CsHg shows primarily
fcc a-MoCi.x with extensive carbon deposition as both graploterlayers and

carbon-rich carbidic phases.
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Chapter 5: Summary and Conclusions

5.1 Summary of achieved project goals

An outline of the core results of this project ssfallows:

. Molybdenum carbide was chosen as the basis fordehsystem to represent
the surface of a reduced oxide catalyst operatinigdustrial conditions

. A series of oxide precursors were synthesised denpal precursors for
carbide materials

. The TPR-carburisation of these oxides was studisthguin situ X-ray
diffraction and characterised using-8brption to determine the most suitable
precursor materials

. A series of mixed Mo-V complex molybdate-Mo1-4VxO3) was chosen as a
precursor due to the tunable composition and thle fesulting surface area of
the carbides

. TPR-carburisation of the oxides was studied ugingitu XRD, TPR-MS and
TG-MS, and the oxide precursors and carbide pregdwete characterised by
elemental analysis, ANsorption, TGA-DSC, XRD, XPS, SEM-EDX and TEM

. The solid-state kinetics of the oxide carburisaiorere analysed by means of
temperature-programmed experimentation combineld mibdel-free kinetic
analysis and master plot method

. Handling techniques, apparatus and materials wexeldped to scale the
synthesis to multi-gram quantities such that atbgedures were without
contact to air

. Large-scale synthesis was optimised to produceraseti materials of high
guality for catalytic testing in a variety of remcts

. A catalytic test reactor (Taniwha) was designed @nistructed for the testing

of light alkane dehydrogenation and selective axasareactions

. The materials were tested for the activation opgaree in varying atmospheres
including H/H,O/CO,
. In situ characterisation of the materials was carried ¢otiha ISISS beamline

at BESSY and a rationalised approach to the datlysia was pursued

. A series of complementary temperature programmadtioss were carried
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out to provide context to both the catalytic andsitu XPS experimentation
and compare the influence of oxidation state ontrety

. A systematic characterisation study of the postlgat materials was
performed in order to better understand the prooéssduction/carburisation
in systems of high carbon potential

5.2 The synthesis of Mo/V carbides

A series of bimetallic Mo/V carbides was synthesibg carbothermal reduction of
corresponding h-(MoV)O3 mixed metal oxide precursors. The oxides were
synthesised by precipitation and the subsequertidearphase development was
monitored usingn situ XRD and outgas analysis of the TPR-carburisatidme
observed structural evolution is combined with gsiglof the solid state kinetic data
and the reduction mechanism is discussed.

Inclusion of vanadium is observed to retard theevio$ reduction as well as strongly
influencing the kinetics of oxide reduction. Thelwetion proceeds via a complex
mechanism involving initial formation of a suboxiMoOs.x which is subsequently
reduced to Mo@ Increasing the content of vanadium content reténé onset of the
overall reduction as well as the onset of carbtiosain the step Mo@— Mo,C.
Importantly it was noted that the carburisatiorihaf oxide materials did not initiate at
the stoichiometric point Mo©but rather at MoQ 33 This is a clear indication of
either the existence of atomically reduced®oalternatively a suboxide of Mo such
as Md' or Mo". However, by XRD no crystallographic phases arseoled which
reflect species other than Mg@nd Ma@C. The formation of the substoichiometric
oxide lies clearly at the boundary point betweenttho and is best described as XRD

amorphous.

The carbides exhibit a trend in morphological gtowtith vanadium concentration
from a particulate-agglomerate material towards emsely packed, nano-fibrous
morphology.Transmission electron microscopy ingasgion of the fibrous material
using selected area electron diffraction (SAED)erds that the high aspect-ratio
crystallites exhibit pseudomorphism, and in theeca$ the vanadium containing
materials, it is observed that there is some peat&l orientation of crystal grains.
Characterisation of the materials by &tlsorption reveals an increasing mesoporosity
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associated with the fiborous morphology, as wekaexceptionally high surface area
(80—110n/g).

The synthesis was subsequently scaled up fromntlsgu XRD preparation using a
specially adapted rotary furnace to perform theperature-programmed reduction-
carburisation. By adapting the heating rate, gaw find pre-treatment conditions it
was possible to produce carbide materials with cmadge physical properties to
those obtained from the small scale. As a redultias possible to synthesise Mb
materials in multi-gram quantities (5-15 g) with BEurface areas ranging from 50—
100 nf/g, among the highest values reported in literature

The kinetics of reduction for the precursor oxide=e investigated yielding insight
into the differences in mechanism between the oxdees. The observed TPR
profiles were in agreement with the findings of &esand Lalik and suggested that
the mobility of atomic oxygen in the lattice is edted by the back-exchange of
oxygen between M6 and Md" and that increasing the temperature of reduction
counter-intuitively leads to an increase in the appt activation energy. The
inclusion of vanadium as a dopant was observed talifjn this mechanism
considerably and it was noted that the onset ofjerymobility, or reducibility, was
retarded significantly. Furthermore the competitiv@ck-exchange of oxygen was
reduced resulting in a singular reduction mechamgnch conformed to the Jander
model of 3-dimensional diffusion for oxygen in thedtice. Finally the onset of
reduction-carburisation for Mo(V)}3— Mo(V).C is seen to be delayed. It is unclear
if this is the result of structural inhibition orhather it is because of a more subtle
electronic effect. However, it was observed thatachum inclusion was correlated
with a more uniform, evolved mesoporosity in thedarct carbide.

5.3 The reactivity of Mo/V carbides

In this chapter, mixed molybdenum-vanadium carlod&alysts are studied in the
activation of propane. The catalysts are testeal rlug flow reactor under reducing
conditions in order to maintain the phase compwsitand the influence of

temperature, surface oxidation, vanadium contedtsanface carbon deposition are

observed on the reaction network.
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In the presence of #HCsHg, Mo/V carbides are shown to catalyse the dehyadragen
of propane to propylene with a selectivity whictpegaches 50%, as well as carrying
out the hydrogenolysis of propane to £&hd GHs on apparently distinct catalytic
sites. Addition of HO or CQ as an oxidant to the feed greatly increases #id gyind
selectivity of the dehydrogenation reaction (S $90as well as introducing products
from the dry/steam reforming of propane and revevsg¢er-gas shift. A strongly
favoured initial reaction pathway is via a hydroglgsis-like mechanism. Upon
closer inspection, this mechanism is observed tmprse two aspects, one of
preferential methane formation and the other aaserfrecombination of alkyl
fragments resulting in the formation of Fischer{isoh-like products (C2-C4).
Depending upon the reaction temperature and sudaicdation state of the catalyst
the recombinative mechanism played a role in prbdoenation. Vanadium was
observed to reduce the stability of the carbidexwlation; in the case of a0 a-
MoOs, and in the case of @ and CQ, to MoQ. In the activation of propane,
vanadium increases the apparent activation enesgydéhydrogenation and for

hydrogenolysis.

In a separate study into the reverse water-gas refai€tion, M@C is found to be an
efficient catalyst for the hydrogenation of €®@ith high selectivity to CO (> 90%).
The reaction went to equilibrium conversion evenat high space velocities over a
range of temperatures (GHSV > 200000, 500°C < 06°Q).

In the temperature programmed reactiorh-®flo;VxOs materials in H-CsHgit was
observed that the oxides were reduced tofcbher-MoC;.« carbide with evidence of
carburisation occuring at much lower temperatutesntobserved for methane-
hydrogen mixtures. In these cases, the effect ohdmm was similarly seen to retard
the onset of reduction-carburisation but to a mlasiser extent. Upon reduction the
catalytic activity was observed to increase dracadlti and the selectivity evolved
with temperature mirroring the reduction statehaf oxide.

Importantly from the results of this section we csge that the freshly prepared
carbide surface is not selective for dehydrogenateactions at high temperatures.
However, with the addition of a small amount of g&g derived from the reactant
gases, or residual in the structure, the passivaie@ce is quite selective to propane
dehydrogenation. The strongly oxophilic nature bé tfresh carbide surface is
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illustrated by the extremely fast rate observedréaerse water-gas-shift in which the
oxygen of CQ is abstracted by the carbide surface and substgueduced to KD.
As seen in the steam-moderated dehydrogenationrafape, the temperature at
which the chemisorbed oxygen is reduced to formciubide is a function of the
temperature and chemical potential of the gas gihmre. Below this critical point,

oxygen is irreversibly chemisorbed to the carbitkriag the surface potential.

54 Characterisation of Mo/V carbides

Using Raman microscopy, adventious carbon was wedd¢o form on the surface of
the catalyst which selectively blocked sites whickere active for the
hydrogenolysis/cracking of propane to lighter males. The nature of the carbon
species was dependent upon the reaction condéiodsvas found to evoke a higher

spf character (less amorphous) with a co-oxidant {ee®, COp).

From ex situXPS of the freshly prepared carbides the oxy-carbiture of the
surface layer is apparent and it is also obsermethe V-containing materials that the
surface layer is enriched with vanadium in the fafVv=0. Results ofn situ XPS
experimentation reveal a strong dependency of éta@ytic activity with the surface
oxidation state of the carbide. Dehydrogenatiopropane was observed to increase
with an increasing oxidation state whereas fornmatid C2 and C4 products is
favoured by an increased electron density at thenFedge. No formation of

adventitious carbon was observed.

The comparison of carbide catalysts before andr aftaction shows evidence of
considerable surface rearrangement and carbon itieposSelected area electron
diffraction (SAED) of the freshly prepared carbidesndicative othcp S-Mo,C with
agglomerated crystallite morphology. After reactibie catalysts are observed to be
guite heterogeneous with regards to carbon depositnd structural rearrangement.
The SAED reveals a mixture dtp S-Mo,C as well as the presencefof a-MoC; .«

however, the powder XRD shows onyMo,C.

Post-mortem analysis of the oxide precursors 8RR in H/CsHsg using XRD and

TEM shows primarilyfcc a-MoCi.x structured Mo/V carbide with extensive carbon
deposition as both graphitic overlayers and cami@nearbidic phases. The carbide
crystallites are in many cases elongated needdedtkuctures and show preferred
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orientation, similar to that seen in the case ofhaee-carburisation. The dispersed
nature of the crystallites within a matrix of gramhcarbon suggests interplay of
carbon deposition and carburisation during the &ifom leading to a distinctive

structure which is mesoporous in appearance. Teeroéd voids in this structure are
mosy likely carbon rich spaces which maintain th@epstructure and prevent

sintering of the particles.

55 Conclusions
From a variety of different methods and experiméritave tried to draw together a
picture of reactivity for a broadly defined syst&ihmolybdenum-based oxides and

carbides in reductive, carbonaceous atmospheres.

From the temperature programmed reduction-carkimsastudy it is clear that
vanadium plays an important role in such oxide citmes even in very low
concentrations. The doped carbides were seen ®draexceptional morphology and
surface area with the addition of only 3% V (metasis). These qualitative findings
are backed up the solid-state kinetic analysis isicows a strong influence of the
vanadium dopant via modification of oxygen mobility the lattice. This ‘oxygen
mobility’ is evidenced by the higher observed aation energy of reduction-
carburisation and is also observed in the V EELcspewhich shows that the
vanadium is primarily present as a V=0 like spediesan also be interpreted on an
electronic basis; the conduction mechanism of Maoglles upon a Peierls distortion
of co-planar MoQ units. This mechanism not exceptional but it aelyaseems likely
that the presence of vanadium could inhibit suobgallar distortion, reducing the free
electron density. This reduced density of free tetexs would prevent the early
decomposition of Ck resulting in more distinct stepwise reduction athen

carburisation.

These hypotheses are supported with respect tethgerature-programmed reaction
of the oxide precursors in propane. It is obsetved the V-containing materials are
delayed in their reduction and subsequently arasaictive for the hydrogenolysis of
propane to CH At this point we must admit that the understagdmh the system is

not complete because with respect to the catalgitydrogenation of propane, it was
observed that vanadium doping increased the ing@iversion of propane but
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decreased selectivity to propylene. It was obsemdlis case that the precarburised
Mo/V materials were more active to hydrogenolysihwncreasing V content.

In soft-oxidative feeds (C£) H.O) the carbide surface is oxidised, promoting the
dehydrogenation reaction. Notably, Mb is an excellent catalyst for the
hydrogenation of C@via reverse water-gas shift reaction.situ XPS experiments
correlate propane dehydrogenation activity withoarcarbide surface modification
and recombinative hydrocarbon formation produatsadrserved in concert with clear
changes in the valence band spectra. Post-morteatysas of the catalysts by
transmission electron microscopy reveal significeunface and bulk restructuring as
well as the recrystallisation of metastable phasesinhomogeneous bloating of the

structure by carbonaceous material.

Vanadium is proposed to exert a stabilising infeeemlue to its strongly oxophilic
nature, resulting in the formation of V=0 moietiedich kinetically hinder the
mobility of oxygen and carbon through the oxideade lattice. The resulting higher
initial activity for propane activation is attriced to the increased activity of sites
selective to hydrogenolysis. Hexagonal (MelV)is proposed to be a reasonable
model for bronze-like multi-metal oxide catalysts propane activation. This is
because the dynamic recrystallisationhep Mo,C to metastablécc MoC;.x under
reaction conditions, and the interchangeabilitythe# reactivities of these materials,
renders an equivalence by which the surface streigsucontrolled principally by the
chemical potential of the reaction atmosphere.

With respect to the multi-metallic oxide MoV Te sgist for the selective oxidation of
propane to acrylic acid the following statements sa made:

1. The carburisation of Mo/V oxides under the influeraf methane/hydrogen
proceeds at a considerably higher temperature @GX€) than the operating
temperature for selective oxidation (350-400°C).

2. However, when propane is used as a carbon soumneebéginning of
carburisation, as indicated by the observation esbrmate CO, is at the
considerably lower temperature of ~450°C. This terajure, although higher
than the operational temperature of MoVTe, is naimaginable in an

exothermic reaction at high conversion.
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3. The bulk is observed to persist under the conditiohsteam or C&and the
reactivity observed is consistent with that obsénaser an oxycarbidic
surface.

4. The high activity of carbide/oxycarbide surfacewdods steam reforming and
reverse water-gas shift result in a high selegtioit CO with respect to CO
This pattern of reactivity is also observed in MeVTeO, system and these
processes provide a possible explanation for ttefepential selectivity which
is not easily explained by the current models.

5. In the selective oxidation of propane over MoV Tefatalysts it is observed
that the secondary oxygenate product is acetic, ai€-2 compound. In
addition to this, under some conditions maleic alrtdle is observed in the
reaction outlet. The formation of these C-2 and ©»genates is not
discussed in the literature and it is difficultunderstand their presence in the
framework of the current understanding. In the oedlucarbide/oxycarbide
system, a similar distribution of C-2 and C-4 hyzndons is observed due to
recombinative formation from alkyl/alkylidene fragmts on the surface of the
catalyst.

6. If we consider catalysis to be predominantly a awef phenomenon the
implication is that only the uppermost layer of rat participates in the
reaction. As we go from methare propane— propylene— acrylic acid the
potential of carbon in the system increases greatly considering a number
other factors such as the surface adsorptiorcbigeivable that the formation
of a surface carbide may take place at consideraler temperatures than
would otherwise be predicted.

The above considerations alone do not implicatbidar or oxycarbidic species as
contributing to the reactivity in selective oxidati catalysis but they do present an
alternative mechanistic pathway whereby such bywtsd can be rationalised.
Although a great deal of work has been done togbsiglective oxidation catalysis to
the point at which it is at today there is stilaage gap of understanding in our way to

the rational design of catalysts for such processes
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